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Summary

During phototherapy of jaundiced newborns, vasodilation occurs
in the skin circulation compensated by vasoconstriction in the
renal and mesenteric circulation. Furthermore, there is a slight
decrease in cardiac systolic volume, and blood pressure, as well
as an increase in heart rate and discrete changes in the heart
rate variability (HRV). The primary change during phototherapy is
the skin vasodilation mediated by multiple mechanisms:
1) Passive vasodilation induced by direct skin heating effect of
the body surface and subcutaneous blood vessels, modified by
myogenic autoregulation. 2) Active vasodilation mediated via the
mechanism provided by axon reflexes through nerve C-fibers and
humoral mechanism wvia nitric oxide (NO) and endothelin 1
(ET-1). During and after phototherapy is a rise in the
NO:ET-1 ratio. 3) Regulation of the skin circulation through the
sympathetic nerves is unique, but their role in skin vasodilation
during phototherapy was not studied. 4) Special mechanism is
a photorelaxation independent of the skin heating. Melanopsin
(opsin 4) — is thought to play a major role in systemic vascular
photorelaxation. Signalling cascade of the photorelaxation is
specific, independent of endothelium and NO. The increased skin
blood flow during phototherapy is enabled by the restriction of
blood flow in the renal and mesenteric circulation. An increase in
heart rate indicates activation of the sympathetic system as is
seen in the measures of the HRV. High-pressure, as well as low-
may play
adaptation responses. The integrated complex and specific

pressure baroreflexes, important role in these
mechanism responsible for the hemodynamic changes during
phototherapy confirm adequate and functioning regulation of the

neonatal cardiovascular system, including baroreflexes.
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Introduction

Hyperbilirubinemia is the most commonly
occurring metabolic complication of the neonatal period.
In some neonates, hyperbilirubinemia reaches high values
that threaten the infant with encephalopathy.
Phototherapy is currently the most effective
non-invasive method of neonatal hyperbilirubinemia
treatment. The main therapeutic principle of phototherapy
is to accelerate the degradation and excretion of bilirubin
by light. By exposing the skin and blood in vessels under
light with

an appropriate wavelength and irradiance intensity,

the superficial layer of the skin to
photochemical conversion of native bilirubin starts. This
conversion results in the formation of several products —
bilirubin photoisomers. Phototherapy products are more
water-soluble and can be excreted into bile and urine,
bypassing conjugation in the liver. In addition to those
effects, bilirubin photoisomers compared to natural
bilirubin are much less toxic [1,2].

The effectiveness of phototherapy depends,
among other factors on the wavelength of the light, and
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the irradiance intensity. The most effective wavelength is
450-460 nm (corresponding to blue light). Light with
a wavelength range of 400 to 520 nm and peaked at
450+20 nm, or in the
recommended for neonatal phototherapy [3].

range of 460-490 nm is

The child's position is supination and alternates
with pronation, every two-three hours. The duration of
phototherapy is up to several tens of hours depending on
the severity of the hyperbilirubinemia and the
phototherapy effectiveness. The child should be in a well-
maintained thermoneutral environment, with regular
feeding and increased fluid supply.

With proper indications and application,
phototherapy is a relatively safe method. However, it has
some side effects, among others, in the cardiovascular

system.

Overview of the acute cardiovascular side
effects of phototherapy

Phototherapy of jaundiced neonates is
accompanied by vasodilation in the skin circulation,
increasing blood flow (BF) [4,5,6]. The different results
(increases of the BF by 40-220 %) obtained by these
authors were due to the varying characteristics of the
groups of newborns, different ambient and body

temperature and methodologies used for skin
BF measurements and phototherapy. However, it is
evident that during neonatal phototherapy there is
massive vasodilation in the skin and an increase in
cutaneous blood flow.

Increased blood supply to the skin results in
redistribution of blood. Yao ef al. [7] and Pezzati et al.
[8] found in the mesenteric circulation, a reduction of
the postprandial increase in blood flow during
phototherapy. Phototherapy was also accompanied by
a significant reduction of blood flow velocity in the renal
circulation and by a rise in renal vascular resistance [9].

Another whether

phototherapy of newborns significantly affects the blood

important question was
flow in the cerebral and coronary circulation. Amato
and Donati [10] found no significant changes in the
characteristics of the blood flow through the brain. On the
other hand, Benders ef al. [11] found that the average
velocity of blood flow in cerebral vessels increases after
the initiation of phototherapy. Borenstein-Levin et al.
[12] found no significant changes in velocity and flow in
the coronary vessels during phototherapy. It seems that
hyperperfusion of the skin during phototherapy does not

occur at the expense of the cerebral or coronary
perfusion.

During phototherapy, the venous return due to
vasodilation in the cutaneous circulation may be reduced,
but there is a lack of studies on this topic. There is
a slight reduction in cardiac output (CO) due to
areduction in stroke volume (SV) as early as 30 min
after the start of phototherapy [5,13]. In more recent
work, Firouzi et al. [14] confirmed these results and
found that phototherapy reduces left ventricular ejection
fraction in preterm neonates.

Changes in peripheral vascular resistance, blood
redistribution and the decrease in cardiac output have
effects on systemic blood pressure (BP). During
phototherapy, there is a decrease in systolic, diastolic and
mean blood pressure, together with a concomitant slight
increase in heart rate (HR) [15,16]. Discrete changes in
heart rate variability (HRV) are also present during
phototherapy. These changes can be demonstrated by
time analysis, Poincaré plots [17], as well as by nonlinear
symbolic dynamics methods [18].

The mechanisms of cardiovascular changes
during phototherapy
cardiovascular

The primary change that

subsequently causes adaptive reactions in the
cardiovascular system is vasodilation in skin circulation.
We assume that other changes in the cardiovascular
system, such as the redistribution of blood from the
mesenteric and renal circulation, as well as the increase in
heart rate, are targeted for maintaining cardiac output and

perfusion of the most important vital organs (heart, brain).

Mechanisms of vasodilation in the skin circulation
Skin vasodilation is mediated by a very complex
physiological mechanism (Fig. 1).

Vasodilation induced by local heat

Despite technical improvements in light sources
for phototherapy (fluorescent bulbs, halogen lamps, light-
emitting diodes — LEDs), the thermal influx, which heats
the body surface, remains as a component of the applied
light. The increase in body temperature depends on the
type of light source, but more on the intensity of the
irradiance, during conventional or in some cases intensive
phototherapy [19].
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Fig. 1. Mechanisms involved in the skin vasodilation induced by
thermal influx during neonatal phototherapy.

The vasodilatory response to local heating is
biphasic [20,21,22]. (Fig. 2). Vasodilation starts already
in the first minutes and is provided passively and
actively.

Direct heating  Nitric Oxide Endothelin-1 Other endothelial vasodilators?
Axon reflexes
ANS Sympathetic nervaus system

Photorelaxation

[ Skin vascular conductance ]
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Fig. 2. The scheme of changes in skin vascular conductance
during local warming (in healthy human adults). The first phase
is due to the effect of direct local heating and axon reflexes, the
second phase depends mainly on humoral regulation. Autonomic
nervous system - sympathetic innervating skin vessels and
photorelaxation can play a role during both phases. (Modified
according to Charkoudian et al. [22].

Passive vasodilation relies on direct heating of
the body surface and subcutaneous blood vessels. The
diameter of the skin blood vessels is also influenced by
myogenic autoregulation [23].

Neural and humoral mechanisms are involved to
the active vasodilation. The initial rapid phase of the
vasodilation relies on the local activity of sensory
C-fibers nerves. The axon reflexes are mediated by
vasodilatory substances such as Calcitonin Gene-Related

Peptide (CGRP), substance P and neurokinin A [24].

The humoral mechanism starts later, in the
second phase, and is provided mainly by endothelial
substances nitric oxide (NO) and endothelin 1 (ET-1).

Nitric oxide (NO)
vasodilatory substance produced by the endothelium. NO,

is the most important
once formed in endothelial cells, diffuses into the smooth
muscle where it activates the enzyme guanylate cyclase
with a consequent increase in the concentration of cyclic
(cGMP), which
vascular smooth muscle. Nitric oxide (NO) is responsible

guanosine monophosphate relaxes
for about 30 % of the active vasodilation to whole-body
heat stress in adult humans [22,25].

Endothelin 1 induces vasoconstriction activating
ET, and ETg, receptors, through ETg; vasodilation. In
addition to its effect on the vessel diameter, ET-1 also
co-regulates the production of its opponent NO.
Stimulation of the ETgp receptors in the endothelium
NO,
independently of mechanical stimulation by blood flow

[26,27].

increases the production of its opponent,

NO/ET-1 system is already active in the fetal
and early postnatal period. ET-1 level is after birth,
especially in premature newborns, even three times
higher than later life and all three ET receptor subtypes
are well developed at birth.

Like ET-1, the role of NO in the regulation of
systemic vascular resistance is significantly greater in
The NO level blood
a. mesenterica superior as well as the response of this

younger individuals. in the
circulatory region to various NO-mediated vasodilatory
stimuli are highest just in the neonatal period [28,29].
Therefore, some researchers have also focused
their and ET-1 in

hemodynamic changes during phototherapy of newborns.

resecarch on NO explaining

Ergenekon et al. [30] found an increased urinary

NO concentration in  preterm  neonates  during
phototherapy. Similarly, Abu Faddan et al. [31] after 24 h
of phototherapy found a significant rise in serum level of
NO, but also together with ET-I.

NO concentration increased more, thus the NO:ET ratio

However, the

increased significantly. The authors suggest that during
phototherapy, the dynamic balance between NO and
ET-1 is shifted to the NO side, leading to vasodilation.
The simultaneous increase of NO and ET-1
during phototherapy is not surprising. It may be mediated
by the above-mentioned feedback mechanism via
ETg receptors. Opposing effects of NO and ET-1 on
vascular wall tone are responsible for the dynamic
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balance, and under physiological conditions, it helps to
regulate blood flow adequate to requirements.

Blood vessels in the skin may be affected by
prostaglandins (PGs) synthesis. In addition to local
effects, PGs could also affect more distant vessels, such
as the ductus arteriosus (DA). It has been hypothesized
that during phototherapy, PGs level increases and this
causes a slowing down closure or reopening of the duct
arteriosus [13]. However, more recent studies have not
confirmed these suggestions [32,33].

Other endothelial could be
involved in the vasodilation like carbon monoxide (CO)
and/or hydrogen sulfide (H,S). Unlike NO and CO,
H,S does vasodilation via activation of ATP-sensitive

vasodilators

potassium channels in vascular smooth muscle. H,S by
functioning through other pathways completes the effects
of NO and CO even in neonates [34]. The role of these
gaseous mediators in vasodilation has not yet been
studied during phototherapy.

Neural regulation of skin circulation

The skin vessel diameter is under unique control,
through two populations of sympathetic nerves:
adrenergic vasoconstrictor and “cholinergic” vasodilatory
system. Both systems innervate non-glabrous skin,
glabrous areas (palms, soles, lips) are innervated only by
the vasoconstrictor sympathetic system [35].

Sympathetic  vasoconstrictory adrenergic
system cooperates with co-transmitters — neuropeptide Y
(NPY) and ATP [23]. This system can produce two
qualitatively different effects — vasoconstriction or
vasodilation by changing its activity. Withdrawal of the
activity of these nerves is responsible for 10-20 % of the
cutaneous vasodilation during hyperthermia [35]. We can
hypothesize that during phototherapy in newborns the
reduced tonic activity in the adrenergic sympathetic
system facilitates vasodilation.

The sympathetic “cholinergic” vasodilatory
system is responsible for vasodilation as well as for
sweating. There were presumed as neurotransmitters
acetylcholine and bradykinin. More recent works point to

the involvement of VIP or/a pituitary adenylate-cyclase-

activating peptide (PACAP) as neurotransmitters
[25,36,37].
Neural regulation of skin circulation is

responsible for 80-90 % of vasodilation in a hot
environment in adults [22]. During phototherapy in
newborns, the contribution of the nerves to the skin
vasodilation has not been studied.

Light-induce vasodilation — photorelaxation

When the phototherapy technique (e.g. LEDs)
without a significant increase in skin/body temperature is
used, an increase in skin blood flow does remain but is
smaller. This suggests that there are also other special
mechanisms of vasodilation independent of the skin/body
heating during phototherapy. This special mechanism is
photorelaxation of skin vessels.

The reversible relaxation of blood vessels by
light was demonstrated by Furchgott ef al. [38]. In both in
vitro and in vivo animal experiments, they found that
light can induce vasodilation. The effect depended on the
initial muscle tone and both the intensity and the
wavelength of the light used.

Photorelaxation is wavelength-specific, with
~430-460 nm. Blue light

(wavelength 455 nm) acts more effectively on the vessel's

amaximal response at
diameter [39]. Interestingly, this is the wavelength range
that s with
hyperbilirubinemia.

used in phototherapy of neonates

Currently, light receptors in blood vessels and
their signalling pathways are being intensively studied. In
the retina, photopigments — opsins (Opnl, Opn2) are
present for visual perception. Research has focused on
so-called “atypical opsins”, which are found not only in
the eye but also in extraocular, often deep-located tissues,
e.g. in the coronary arteries or airways [40,41].

Of these “no-visual, atypical opsins”, the most
studied is opsind (Opn4) — melanopsin. Melanopsin
belongs to the family of G-protein coupled membrane
receptors (GPCRs) designed to detect a variety of
physical, chemical, and biological signals [42]. In the
eye, melanopsin is found in ganglion cells (ipRGCs —
intrinsically photosensitive retinal ganglion cells). These
cells make up about 1 % of all RGCs. However, they are
also found in the lens, m. sphincter pupilae, brain,
neurons, and adipocytes. Melanopsin in these structures
is important in the control of circadian rhythm, in the
maintenance of attention and wakefulness, and for the
pupillary reflex [43].

Melanopsin has also been demonstrated in
arteries of the systemic circulation. Sikka et al. [39] using
PCR, showed that Opn4 is also expressed in blood
vessels and is thought to play a major role in
photorelaxation. The blood vessels of Opn4'/' mice do not
show photorelaxation, and the photorelaxation is also
inhibited by an Opn4-specific inhibitor.

Photorelaxation has also been demonstrated in the
pulmonary vasculature (mice, rats), where Opn4 in
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co-modulation with opsin3 (Opn3) provides pulmonary
photovasodilation [44] and in the porcine coronary
vasculature [40]. Opsin3 was also found in airway smooth
muscles and mediates their photorelaxation [41,45].

The melanopsin signalling pathway in blood
vessels is specific, different from the signalling cascade in
the retina, sphincter pupilae, or white adipocytes. It does
not involve protein kinase G and is independent of
endothelium and NO. The pathway involves soluble
guanylate cyclase (sGC) and phosphodiesterase 6 (PDE6)
[39,42].

The first part of the melanopsin signalling
pathway (Fig. 3) is its activation by light, which results in
the photochemical isomerization of 11-cis-retinal to
all-trans-retinal. This is an extremely rapid process
lasting  60-100 fs (107°s). After activation of the
regulatory G proteins [46], the cascade continues by
soluble guanylate cyclase activation. Following activation
of guanylate cyclase (sGC), the intracellular level of
cyclic guanosine monophosphate (cGMP) increases.
cGMP specific
phosphodiesterase (PDE), which cleaves cGMP to
produce 5°cGMP. The 5 cGMP thus generated is
involved in the regulation of K'-channels in vascular

Increased level of activates a

smooth muscle cells.
Once K" channels open and K" escapes from the
cell, the membrane hyperpolarizes with subsequent
relaxation of the vascular wall — vasodilation [39,42,44].
The role of melanopsin in the vasculature is yet
to be proven in the ontogenetic development of
vasculature. In mice, it influences postnatal regression of
embryonic hyaloid vasculature and retinal vessel
formation. Lack of melanopsin in mice results in the
persistence of hyaloid blood vessels and a reduced
number of neurons in the retina [47]. Other putative
functions of vascular melanopsin and their potential
therapeutic use are still speculative.
We hypothesize that

melanopsin activation may also play an important role in

photorelaxation by

phototherapy due to the wavelengths of light applied.
However, this hypothesis needs direct evidence of
melanopsin in the skin vessels of neonates.

Generalized effects in the cardiovascular system during
phototherapy mediated via the autonomic nervous system

Redistribution of blood and increase in blood
flow in the cutaneous circulation is made by its transfer
and mesenteric circulations.

from the renal

Baroreflexes are the most likely mechanism for this

redistribution. They induce vasoconstriction in these
regional circulations already at a slight decrease in
systemic blood pressure (Fig. 4).

. ' CNK K*Channel

K* efflux
Hyperpolarization
Vasodilation

Fig. 3. Simplified scheme of suggested signal transduction
mechanism of the melanopsin (Opn4) and/or opsin 3 (Opn3) in
photorelaxation of the vascular/airway smooth muscle cells.
(Modified according to Sikka et al. [39], Barreto Ortiz et al. [44]).
GPCRs — G protein coupled receptors opsin 4/3; sGC — soluble
guanylate cyclase; GTP — Guanosine-5 " -triphosphate; cGMP —
cyclic guanosine monophosphate; PDE6 — phosphodiesterase 6;
5°cGMP - Guanosine 3’,5-cyclic monophosphate. GRK2 -
G protein receptor kinase (BARK 1 — beta-adrenergic receptor
kinase) modulates opsins activity and inhibits the activation of
the opsins (Opn4, 3).

Compensatory physiological reactions to the
blood pressure fall could be mediated through high-
pressure as well as by low-pressure baroreflexes. The
help
physiological levels, more in mature newborns regarding

baroreflexes to maintain blood pressure at
higher baroreflex sensitivity. Baroreflexes are already
functional in premature newborns. Several authors [48,49]
have found that baroreflex sensitivity (BRS) in neonates is
low, but increases markedly with gestational and postnatal
age. Also, Haskova et al. [50] and Javorka et al. [51] found
positive correlations in preterm neonates of baroreflex
sensitivity (BRS) with gestational and postconceptional
age as well as with birth and current weight.
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Phototherapy
(Action of heat and light on skin blood vessels)

Cutaneous vasodilation
(Direct action of heat. change of NO:ET ratio. activation of melanopsin and cGMP)

x

Decrease in systemic BP  Decrease in the venous return and CO

N Z

Baroreflexes
(High/Low (?) pressure baroreceptors)

Autonomic nervous system
(Increase in absolute/relative sympathetic activity)
Increase in renal/mesenterial VR HR increase and change in the HRV

The systemic BP and blood flow on acceptable level

Fig. 4. Scheme of cardiovascular effects and some of their
mechanisms during phototherapy of jaundiced newborns. NO —
nitric oxide, ET - endothelin 1, ¢cGMP - cyclic guanosine
monophosphate, BP — systemic blood pressure, CO — cardiac
output, VR — vascular resistance, HR — heart rate, HRV — heart
rate variability.

Cardiac output (CO) is slightly decreased. The
cause of this decrease could be not only in the
redistribution of blood and reduction of venous return,
but also in reduction of motor activity of the infant [5].
There may also be a role of the higher increased nitric
oxide production, which can act on the sinoatrial node
[52]. Although the reduction in CO is small, it may
further impair the peripheral tissue perfusion (e.g. in the
splanchnic and renal circulation) mainly in the smallest
premature infants or pathological newborns.

The drop in systemic blood pressure [15] could
be the result of massive skin vasodilation, a decrease in
venous return and cardiac output. The increased level of
nitric oxide during phototherapy may also contribute to
the blood pressure decrease. A negative correlation was
found between mean systemic blood pressure and serum
levels of NO (and a positive correlation between ET-1
and mean BP) after phototherapy in newborns [53].

The significant increase in heart rate during
phototherapy may be produced by a complex mechanism
helping to maintain cardiac output, pressure and blood
flow. Heart rate can be increased by raising body
temperature during phototherapy by direct influence on
the sinoatrial node, as well as through stimulation of
peripheral and central thermoreceptors.

The decrease in systemic blood pressure through
high-pressure baroreceptors facilitates the tachycardic

response  during phototherapy [15].

baroreflexes in newborns may alter activity of the

Functioning

sympathetic pathway regulating the heart, as we have
seen in the assessment of the heart rate variability (HRV)
by dynamic symbolics [18].

We can assume that low-pressure baroreceptors
in the right atrium are also involved in this response,
when venous return is reduced during phototherapy.

Another possible explanation is the direct action
of NO on the cardiac pacemaker, increasing heart rate
[54]. El-Masry et al. [53] found a positive correlation
between serum ET-1 and NO levels and heart rate after
phototherapy in preterm and term newborns, but it is
unclear whether this is a direct causal relationship or
based on other physiological changes. The final effect of
the NO on heart rate may be modified by generalized
action of NO on autonomic nervous activity. It is known
that NO exerts a tonic enhancing effect on human cardiac
vagal control in adult humans [48].

The described
parameters during phototherapy do not usually jeopardize

changes in cardiovascular

mature newborns. The existence of a few serious
cardiovascular complications during phototherapy in
mature newborns suggest that physiological newborns
(apart from hyperbilirubinemia) are admirably well
equipped to handle even such a specific therapeutic
challenge. The situation is different in very premature
newborns, who already have primarily lower baseline
blood pressure values, increased heart rate and lower
baroreflex sensitivity. It appears that in this group of
infants, especially in haemodynamically unstable
neonates (incipient sepsis, etc.), phototherapy can lead to
severe hypotension and other serious or even fatal

complications.

Conclusions

with
hyperbilirubinemia, a massive vasodilation occurs in the

During phototherapy of newborns
skin circulation compensated by vasoconstriction in the
renal and mesenteric circulations, without markedly
affecting the coronary and cerebral circulations.
Furthermore, there is a decrease in systemic blood
pressure, an increase in heart rate and changes in heart
rate variability indicating raising sympathetic activity.
The mechanism of these changes is very
complex and involves operations from the molecular to
level. Functional

the systemic changes in the

cardiovascular system during phototherapy confirm
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adequate cardiovascular regulation in newborns,

including special regulation of the skin circulation. These
changes are important in maintaining optimal vital
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