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Abstract
Circulatory collapse associated with refractory hypotension is a frequent complication seen in
neonatal intensive care units that treat ill neonates especially in middle-income countries. The
timely and effective management of neonatal hypotension is crucial. Volume substitution by both
crystalloid or blood products and administration of inotropes are the therapies of choice. However,
according to the current knowledge, many newborn infants continue to suffer from circulatory
collapse despite both volume expansion and maximum doses of inotrope therapy. I aimed to
elucidate whether a life-threatening circulatory shock in neonates is a potential consequence of
inadequate cortisol production in the adrenal glands and whether it could contribute to serious
disease.
Prospective, case-control studies were performed to compare seriously ill neonates with
circulatory collapse to those with normal circulation. The further aim was to analyze the blood
levels of cortisol and other steroids that serve as cortisol precursors as well as the level of
dehydroepiandrosterone (DHEA) in neonates who either responded or did not respond to
conventional treatments that included volume expansion and inotrope therapy.
All of the recruited neonates were born at term or late preterm. Their clinical histories were
taken, and they underwent complete clinical examinations. The prospective laboratory
investigation included determination of baseline serum cortisol concentrations. Cortisol and the
other steroids were analyzed using liquid chromatography–tandem mass spectrometry.
I found that serum concentrations of cortisol were not statistically different between neonates
who had refractory hypotension and those who responded to the conventional treatment. This
result was unexpected because the critically ill neonates were presumed to have higher cortisol
concentrations during extreme stress. However, the increase in steroids proximal to the 3βhydroxysteroid dehydrogenase activity was higher in neonates with apparent cortisol
insufficiency, suggesting that this enzyme may be rate limiting. I found that the serum cortisol
concentrations did not increase in the critically ill neonates with circulatory collapse. However,
these neonates responded favorably to hydrocortisone treatment and their clinical signs and
symptoms related to adrenal insufficiency improved. Thus, circulatory collapse in term or late
preterm neonates with life-threatening illnesses and refractory hypotension may possibly be a
consequence of the insufficient synthesis of cortisol during excessive stress.

Keywords: circulatory collapse, corticosteroids, cortisol, dehydroepiandrosterone,
hypoxia, ischemia, newborn infant, sepsis, therapy-resistant hypotension

Khashana, Abdelmoneim, Kortisoli ja muut lisämunuaisen steroidit kriittisessä
shokkiin liittyvässä vastasyntyneen sairaudessa.
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Lääketieteellinen tiedekunta; Oulun
yliopistollinen sairaala; Medical Research Center Oulu
Acta Univ. Oul. D 1579, 2020
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä
Matalaan verenpaineeseen eli hypotensioon voi erityisesti vastasyntyneellä liittyä verenkierron
kollapsi eli shokki. Tämä ongelma on yleinen erityisesti keskituloisissa maissa. Vastasyntyneen
uhkaavan shokin nopea ja tehokas hoito on ratkaisevan tärkeää. Sekä kristalloidien että erityisesti verituotteiden antaminen matalan verivolyymin hoidoksi sekä inotrooppien käyttö kuuluvat
käypään hoitoon. Monet vastasyntyneet voivat kuitenkin saada shokkioireita huolimatta asianmukaisista nestetäytöistä ja inotrooppihoidosta. Tämän tutkimuksen tavoitteena oli selvittää,
voiko vastasyntyneen henkeä-uhkaavaan shokkiin liittyä riittämätön lisämunuaisten kortisolituotanto ja voivatko vakavat oireet suorastaan johtua riittämättömästä endogeenisestä kortisolituotannosta.
Tässä tutkimuksessa suoritettiin prospektiivisia, tapaus-kontrollitutkimuksia vakavasti sairailla vastasyntyneillä (sepsis tai hypoksis-iskeeminen enkefalopatia), joilla todettiin joko hoitoresistentti tai tavanomaiselle hoidolle vastaava hypotensio. Tavanomaiseen hoitoon kuului hypovolemian hoito ja inotrooppien käyttö. Edelleen tavoitteena oli analysoida näiden potilaiden
verestä kortisolin ja kortisolin esituotteiden pitoisuuksia.
Kaikki rekrytoidut vastasyntyneet olivat täysiaikaisia tai lähes täysiaikaisia. Vastasyntyneet
tutkittiin ja kliininen historia selvitettiin. Seerumin kortisoli tutkittiin prospektiivisesti. Kortisoli, useita kortisolin esiasteita sekä dehydroepiandrosteroni (DHEA) analysoitiin tandem-massaspektrometrillä.
Tutkimuksessa havaittiin, että vastasyntyneillä, joilla oli matala verenpaine, seerumin kortisolipitoisuudet eivät eronneet tilastollisesti konservatiivisesti hoidettujen vastasyntyneiden ja
hoitoresistenttiin shokkiin joutuneiden vastasyntyneiden välillä. Tämä tulos oli odottamaton,
koska kriittisesti sairailla vastasyntyneillä oletettiin olevan korkeampia kortisolin pitoisuuksia.
Edelleen näillä hoitoresistenteillä vastasyntyneillä, joilla oli mahdollisesti lisämunuaisen riittämätön stressivaste, kortisolin esiastepitoisuudet olivat korkeampia tasoltaan kuin hoitoon vastaavilla potilailla. Nämä pitoisuudeltaan lisääntyneet steroidiyhdisteet sijaitsivat proksimaalisesti
reaktiotiestä, jota katalysoi 3β-hydroksisteroididehydrogenaasientsyymi. Tämä viittaa siihen,
että näillä hoitoresistenttiin shokkiin altistuneilla lapsilla tämä reaktiotien kohta saattoi rajoittaa
kortisolin muodostumista. Näillä vastasyntyneillä oli lisäksi suotuisa kliininen vaste hydrokortisonihoitoon. Tämä viittaa siihen, että lisämunuaisen stressivasteen vajaatoiminnalla, joka esiintyi hoitoresistenteillä potilailla, oli vaikutusta vakaviin kliinisiin oireisiin. Niinpä nestetäyttöihin
ja inotrooppihoitoon reagoimaton shokki jopa täysaikaisilla tai lähes täysaikaisilla vastasyntyneillä, joilla on primaarisairauteen liittyvä hypotensio, saattaa olla seurausta kortisolin riittämättömästä synteesistä ja erittymisestä vereen.

Asiasanat: dehydroepiandrosteroni, hoitoresistentti hypotensio, hypoksia, iskemia,
kortikosteroidit, kortisoli, sepsis, shokki, vastasyntynyt
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Information to convert conventional units of measure to International
System of Units (SI) units.
The conversion factor (CF) is used as follows:
Conventional unit × CF = SI unit
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Analyte

Conventional Units

Conventional to SI

SI Units

(multiply by)
Cortisol

µg/dL

27.6

nmol/L

11-Deoxycortisol

ng/dL

0.0289

nmol/L

Progesterone

ng/mL

3.18

nmol/L

Pregnenolone

ng/dL

0.0316

nmol/L

17 OH pregnenolone

ng/dL

0.0301

nmol/L

17 OH progesterone

ng/dL

0.0303

nmol/L

DHEA

ng/dL

0.0347

nmol/L

DHEAS

µg/dL

0.0271

µmol/L

https://www.mayocliniclabs.com/order-tests/si-unit-conversion.html
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1

Introduction

The level of cortisol in the serum is influenced by both intrinsic (the hypothalamicpituitary-adrenal [HPA] axis) and extrinsic factors, and it is therefore easy to
understand that serum cortisol concentrations may vary greatly during the initial
neonatal days (Ng 2008). Activation of the HPA axis to produce cortisol is essential
for maintaining homeostasis in the face of stress. Relative adrenal insufficiency
(RAI) occurs when the upper part of the HPA axis fails to stimulate cortisol
secretion in amounts corresponding to the degree of illness or stress (Cooper &
Stewart 2003). A decrease in the levels of corticotropin-releasing hormone (CHR)
after birth may allow suppression of the pituitary gland leading to a relatively low
capacity to augment the secretion of adrenocorticotropic hormone (ACTH). As a
result, the capacity to increase cortisol production in the newborn may be limited.
If the newborn is healthy, this brief period is well tolerated; however, if the infant
is seriously ill, RAI may occur and the cardiovascular system may be compromised
(Fernandez & Watterberg 2009).
In addition, some very low birth weight (VLBW) infants have low cortisol and
ACTH levels, which may cause physiologically inadequate levels of cortisol in
stressed VLBW neonates (Korte et al 1996). In sepsis, adrenal insufficiency is
likely when baseline cortisol levels are less than 10 μg/dL in adults (Annane et al.
2006b). In addition, Heckmann et al. found that a high incidence of hypocortisolism
in preterm infants with catecholamine-treated hypotension, may reflect adrenal
insufficiency (Heckmann et al. 2000).
Patients who are unresponsive to standard treatment of shock should be studied
for adrenal insufficiency as it contributes to increased morbidity in critically ill
neonates and children with refractory shock (Langer et al. 2006). Critically ill
newborns have been shown to have very low cortisol and ACTH levels without the
expected increase in response to the critical illness. However, their cortisol
response to exogenous ACTH appeared normal (Fernandez et al. 2008). These
findings may suggest that the inadequate cortisol response to a critical illness in
these newborns may not be due to primary adrenal dysfunction, but it may be a
secondary insufficiency arising from inadequate stimulation of the adrenal gland
(Fernandez et al. 2008). On the other hand, prolonged elevation of cortisol may
have negative implications for neurodevelopment and later health (Grunau et al.
2007).
Dehydroepiandrosterone (DHEA) and its sulfated form DHEAS are
quantitatively the main steroids produced in the fetus (Rainey et al. 2004). DHEA
17

may antagonize the action of cortisol by modifying the expression of the
glucocorticoid receptor β (GRβ) and by antagonizing the attachment of the
glucocorticoid receptor α (GRα) to the glucocorticoid responsive element (Buoso
et al. 2017).
It is important to understand the pathophysiology of adrenal insufficiency as it
may provide means to improve the management of the condition. The focus of the
present thesis project is to study the relationship between circulatory instability and
the levels of cortisol to counteract stress in critically ill full-term and late preterm
neonates.

18

2

Review of the literature

2.1

Hypotension in neonates

2.1.1 Regulation of blood pressure and mechanisms of low blood
pressure in neonates
Blood pressure is essentially the function of two components: cardiac output and
systemic vascular resistance. Cardiac output is the result of stroke volume and heart
rate. Stroke volume is dependent on two factors. The volume of the venous return
is the preload, and the myocardial contraction required to push the blood against
the resistance of the vessels is the afterload. Newborn infants have a restricted
capacity to augment the stroke volume. Hence, neonatal cardiac output is
exceptionally dependent on heart rate (Engle 2001).
Hypotension could be a life-threatening complication during the early postnatal
course of very preterm infants. It may result from a variety of causes such as
abnormalities in the regulation of the vascular tone (associated with sepsis or
adrenocortical insufficiency), left-to-right shunting through a persistent ductus
arteriosus, volume depletion or myocardial dysfunction (Fanaroff & Fanaroff 2006;
Subhedar 2003). Vascular tone and cardiac output are the major factors affecting
blood pressure in VLBW infants. (Sasidharan 1998). In a study in low birth weight
infants, Gill and Weindling found a myocardial dysfunction in approximately half
of the hypotensive infants included in the study (Gill & Weindling 1993). In VLBW
infants, the left ventricular output and blood pressure correlate weakly in preterm
infants after accounting for ductal shunting (Kluckow & Evans 1996). The share of
the left ventricular output towards the maintenance of blood pressure is not well
defined. Some studies found a normal or a high ventricular output in preterm infants
with hypotension. These neonates often have a low systemic vascular resistance,
frequently associated with shunting through the patent ductus arteriosus (Pladys et
al. 1999).
Cortisol is mandatory for the maintenance of both systemic blood pressure and
for glucose homeostasis. It influences the sensitivity of the peripheral tissues to the
actions of insulin, glucagon and also catecholamines. Cortisol’s other mechanisms
of action include inhibition of nitric oxide-induced vasodilatation, inhibition of
vasodilatory prostanoids, up-regulation of angiotensin II receptors, and activation
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of renal mineralocorticoid receptors at higher molar concentrations (Sasidharan
1998).
2.1.2 Definitions of hypotension and shock
A widely used description of low blood pressure is based on the range of the mean
arterial blood pressure, less than the 10th centile for the gestation/birth weight and
postnatal age (Watkins et al. 1989; British Association of Perinatal Medicine and
the Research Unit of the Royal College of Physicians 1992). Shock is the failure of
the cardiovascular system to provide a level of oxygen transport necessary to meet
oxygen demand. Circulatory failure can result from certain mechanisms: decreased
intravascular volume, cardiac pump failure, circulation obstruction, and vascular
tone loss or distributive disorders of the peripheral circulation. In the first three
mentioned causes, the main hemodynamic element is low systemic blood flow
which triggers tissue hypoperfusion. Physical findings of tissue hypoperfusion
include cold extremities, acrocyanosis, and poor capillary refill, hypotension, and
metabolic acidosis. (Kanoore Edul et al. 2015).
Systemic blood pressure is used as a marker of systemic perfusion; however, it
correlates weakly with cardiac output only. The level of the blood pressure does not
accurately predict the outcome or the long-term morbidity (Dempsey & Barrington
2007). The mean serum cortisol concentration did not differ between preterm
infants with and without late onset circulatory collapse (Masumoto et al. 2008).
Although systemic hypotension has been associated with an adverse
neurological outcome, it is unclear whether low blood pressure alone, in the
absence of other signs of hemodynamic instability, is harmful for the very preterm
infant’s brain (Subhedar 2003; Fanaroff & Fanaroff 2006).
Premature infants account for a high percentage of all neonatal deaths
(Mathews et al. 2002). While a causal association has yet to be established,
hypotension is a variable that is associated with increased mortality in premature
infants (Seri 2001).
2.1.3 Management of neonatal hypotension
The decision of treating hypotension is based on the traditional monitoring of heart
rate, blood pressure and oxygen saturation, together with clinical and laboratory
indices of perfusion, i.e. urine output, capillary refill time, acid-base balance and
serum lactate levels. In addition, functional echocardiography has been used for
20

evaluating the pathophysiology of cardiovascular compromise. Novel technologies
such as infrared spectroscopy for monitoring regional oxygen saturation in the
brain, kidney, mesenterium and muscle may give insight into problems in tissue
perfusion (Cayabyab et al. 2009). In case of hypotension due to low systemic blood
flow, management should be considered carefully (Subhedar 2003), as antihypotensive therapy in the extremely preterm neonate is linked to increased
mortality (Batton et al. 2016).
Treatment of hypovolemia
In preterm infants with evidence of acute blood loss, excessive transepidermal
water loss or polyuria, hypovolemia may be considered as the primary cause of
hypotension (Seri 2001). Low capillary hydrostatic pressure decreases the
transcapillary leak. When intravenous crystalloid fluids are given, they may persist
in the intravascular volume until they are filtrated into the interstitial space.
Crystalloids are likely as efficient as colloids in hypovolemic fluid resuscitation,
but only red blood cells are expected to correct hypovolemia for a longer period.
However, if a colloid is provided in the euvolemic state, it may produce
hypervolemia, hemodilution, low hematocrit, increased transcapillary filtration,
and displacement of colloids (albumin) into the interstitial space. A crystalloid
solution is expected to increase fluid filtration into interstitial spaces to a larger
extent than colloid infusion, and there is less noticeable hemodilution (O’Brien &
Walker 2014).
Volume expanders are indicated only in clinical hypovolemia, increased
capillary leak or blood loss. However, they are counter-productive if there is
myocardial dysfunction or cardiac inadequacy. Early use of dopamine is more
successful than colloid in increasing BP (Dasgupta & Gill 2003). In case of
cardiovascular compromise deemed to be due to hypovolemia (Osborn & Evans
2004), 10 ml/kg of normal saline should be given. At preterm birth, an effective
prophylactic treatment of hypovolemia and respiratory adaptations is a delay in
cord clamping (Tarnow-Mordi et al. 2017). If available, red blood cells or fresh
frozen plasma should be considered instead of normal saline when the infant has
critical bleeding or has a coagulation defect (Oca et al. 2003).
Inotropes:
Epinephrine in low doses causes systemic vasodilation with an increase in the heart
rate, stroke volume and contractility. Low doses of epinephrine have an effect that
is comparable to low to moderate doses of dopamine (Heckmann et al. 2002;
21

Valverde et al. 2006). Norepinephrine also can be used in neonatal hypotension
(Burns et al. 2016). Dobutamine is a directly acting inotropic. Its mechanism of
action is stimulation of the cardiac and vascular ß-receptors causing increased
cardiac output, vasodilation, and also reduced vascular resistance. Dopamine in
small doses increases myocardial contractility and also renal blood flow, but with
higher doses it increases vascular resistance. Dopamine is more effective than
dobutamine in the short term at raising the BP in preterm infants, but this may not
correlate with improved organ perfusion (Seri et al. 1993; Roze et al. 1993; Klarr
et al. 1994; Seri 1995; Subhedar & Shaw 2003).
Corticosteroids
Hydrocortisone (HC) has been used successfully for the treatment of refractory
hypotension in preterm infants leading to stabilization of the BP within 6 hours and
to successful weaning from inotropes within 3 days. It is reasonable to consider its
use if the infant is still hypotensive despite inotropes. This condition may be caused
by adrenocortical insufficiency as it is becoming an increasingly recognized cause
of hypotension especially in preterm infants (Scott & Watterberg 1995; Ng et al.
2001; Seri 2001).
The potential mechanisms of action of HC in the treatment of hypotension
include the following: i. reversal of adrenergic receptor down-regulation, ii.
inhibition of prostacyclin production limiting vasodilatation, iii. increase in
catecholamine synthesis, leading to increased plasma catecholamine concentrations
and also enhancing capillary integrity that increases circulating blood volume. In
adrenal insufficiency, associated with inotrope resistance, there may an imbalance
between the break-down and synthesis of the adrenergic receptor. This leads to
decreased sensitivity of the cardiovascular system to both endogenous and
exogenous catecholamines. Therefore, steroids act as replacement hormone therapy
(Seri et al. 2001).
HC is the most frequently utilized corticosteroid for the management of
vasopressor-resistant hypotension in premature infants, because of its apparent
efficacy and the paucity of adverse neurodevelopmental outcomes (de Vries et al.
2008; Higgins et al. 2010; Ibrahim et al. 2011).
A starting dose of HC 2.5 mg/kg can be repeated every 4 hours if required, with
a maintenance dose of 2.5 mg/kg every 6 hours for two days or until the BP
recovers, then the HC dose can be reduced over two days (British National
Formulary March 2017).
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Other treatments for refractory hypotension
Vasopressin has been used in neonates to treat various conditions including
septicemia and catecholamine-resistant shock (Meyer et al. 2006a; Lechner et al.
2007; Bidegain et al. 2010; Alten et al. 2012; Masarwa et al. 2017). Its use in
neonatal hypotension is infrequent (Meyer & Hall 2006). Some prefer the use of
vasopressin together with milrinone and norepinephrine (Burns et al. 2016).
Vasopressin augmented the mean BP in a group of critically ill ELBW neonates at
doses of less than 0.05 units/kg/h, allowing for the decrease of catecholamine
dosages. In premature infants with a low BP, plasma vasopressin concentrations
may be consistent with a relative vasopressin deficiency in shock (Ezaki et al.
2009). However, it should be given carefully, especially in VLBW infants as it may
cause splanchnic hypo-perfusion (Meyer et al. 2006b).
2.2 Structure, development and function of human adrenals and
the HPA axis
2.2.1 Structure of the adult adrenal glands
The adrenal glands are located in the retro-peritoneum, above and slightly medial
to the kidneys and are capsulated by a fatty capsule and lie inside the renal fascia.
Histologically, each adrenal gland has two distinct parts, each with a unique
function, the outer adrenal cortex and the inner medulla (Moore et al. 2013).
The cortex, from the surface to the center: zona glomerulosa, zona fasciculata,
zona reticularis (Whitehead & Nussey 2001). 1. Zona glomerulosa: The cells in this
layer form oval groups, separated by thin strands of connective tissue from the
fibrous capsule of the gland and contain wide capillaries. This zone produces
especially mineralocorticoids (Young et al. 2013). 2. Zona fasciculata: The cells in
this layer are responsible for glucocorticoid production such as cortisol and its
precursors (Dunn et al. 2011). In this zone the cells are arranged in columns
outwardly faced towards the medulla (Young et al. 2013). 3. Zona reticularis: This
layer is located precisely adjacent to the medulla (Dunn et al. 2011). Its small cells
develop irregular cords and also clusters, divided by capillaries and connective
tissue and this zone produces especially androgen precursors (Young et al. 2013).
Medulla: The adrenal medulla is at the center of each gland and it is enveloped
by the adrenal cortex. The chromaffin cells of the medulla are the body’s chief
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source of catecholamines (Dunn et al. 2011) and are innervated by preganglionic
nerve fibers (Sapru & Siegel 2007).
2.2.2 Development, structure and function of human fetal adrenals
The growth of the hypothalamus, the pituitary gland, and the adrenal glands is vital
for fetal growth and development (Polin & Fox 2004). The regulation of the adrenal
development is complex (Kempna & Fluck 2008). The differentiation depends on
ACTH stimulation, and according to tissue profiling of fetal and adult adrenals, at
least 69 genes are involved in adrenal development. Of them, some genes code for
steroidogenic enzymes, transcription and growth factors, signaling molecules,
regulators of the cell cycle, angiogenesis, and also extracellular matrix proteins
(Kempna & Fluck 2008). The structural and functional development of human fetal
adrenals is depicted according to the pregnancy trimesters in Figure 1. Figure 2
gives a more detailed description of the steroidogenic pathways to
mineralocorticoids, glucocorticoids, progestogens, androgens and estrogens. The
relative expression of each steroidogenic enzyme in different steroid producing
organs (fetal or adult adrenals, male or female gonads, placenta) determines the
main steroid products in each organ.
As illustrated in Figure 1, the human fetal adrenal gland is composed mainly
of the wide fetal zone surrounded by the narrow definitive zone. During the third
trimester, the transitional zone is formed between the fetal and definitive zones.
Fetal pituitary ACTH secretion is essential for normal fetal adrenal development
and function. During the second trimester, chromaffin cells originating from the
neural crest cells migrate towards the adrenal medulla. After birth the large
newborn adrenals shrink considerably due to the apoptotic regression of the fetal
zone (reviewed in Mesiano & Jaffe 1997). The typical later adrenocortical zones
(glomerulosa, fasciculata, and reticularis) will gradually be formed during
childhood from the definitive zone.
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ZGlo - zona glomerulosa; ZFasc - zona fasciculata; ZRet - zona reticularis
DZ - definitive zone; FZ - fetal zone; TZ - transitional zone; CC - chromaffin cells
P450scc - cytochrome P450 side chain cleavage
P450C17 - cytochrome P450 17α-hydroxylase/17,20-lyase
S-Tfase - sulfotransferase
3ß-HSD - 3ß-hydroxysteroid dehydrogenase
17OHP4 - 17-hydroxyprogesterone
P450C21 - cytochrome P450 21-hydroxylase
P450C11 - cytochrome P450 11ß-hydroxylase
P450aldo - cytochrome P450 aldosterone synthase
Pregn. - pregnenolone
17OHP5 - 17-hydroxypregnenolone
Prog. - progesterone
DHEA - dehydroepiandrosterone
DHEA/S – dehydroepiandrosterone sulfate
Fig. 1. Morphological development and steroidogenesis of the human fetal adrenal
gland (modified from Chamoux et al. 2005). The figure is divided into parts presenting
the fetal adrenal gland (right) at the first, second and third trimesters of pregnancy, and
also the adult adrenal gland (left). Published with permission under a Creative
Commons (CC-BY-NC-ND) license.
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Fig. 2. The pathways of steroid hormone synthesis (Häggström et al. 2014) (published
with permission under license CC BY-SA 3.0).

The steroid secretory pattern of human fetal adrenals is peculiar, resembling
that of the adult zona reticularis. Steroidogenesis from cholesterol in the fetal zone
(as in the adult zona reticularis) is directed towards androgen precursor synthesis.
This is caused by the very low expression of 3β-HSD and high expression of
P450c17 (with 17-hydroxylase and 17,20-lyase activities) and steroid
sulfotransferase (Figure 1). The adrenal steroid sulfotransferase sulfates
pregnenolone, 17-OH-pregnenolone and DHEA (Rainey & Nakamura 2008) and
thereby plays a key role in fetoplacental steroidogenesis (Rainey et al. 2004).
DHEA and especially DHEAS are discharged in large quantities. Though these
steroids have very weak androgen bioactivity, they form a pool of circulating
precursors for extra-adrenal androgen and estrogen synthesis (Kaufman et al. 1990;
Rainey et al. 2004).
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Adrenal 3β-HSD is needed in the synthesis of biologically active androgens
but also of mineralocorticoids and glucocorticoids as it catalyzes the conversion of
pregnenolone to progesterone, 17-OH-pregnenolone to 17-OHP, and DHEA to
androstenedione (Fig. 2). 3β-HSD is expressed transiently in human fetal adrenals
at the 8th to the 9th gestational week, supporting cortisol production from cholesterol
at the 8th to the 10th gestational week. Thereafter the expression of 3β-HSD
decreases to become undetectable at the 14th gestational week leading to a decrease
in cortisol synthesis from cholesterol. The transient cortisol synthesis by the 10th
gestational week may exert a negative feedback on fetal pituitary ACTH secretion
reducing adrenal androgen synthesis during the time of genital differentiation
(Asby et al. 2009). Assuming that fetal adrenocortical cells have low 3β-HSD
activity until the end of the 2nd trimester (Goldman et al. 1966; Simonian & Capp
1984), it becomes evident that the fetal adrenal gland is more likely to produce
androgens, especially DHEA and DHEAS, than steroids with mineralocorticoid
and glucocorticoid activities (Gell et al. 1998; Suzuki et al. 2000). Despite low 3βHSD expression in the fetal adrenals, some cortisol may be produced at this stage
from placental progesterone bypassing the deficient 3β-HSD step; the other
enzymes needed in cortisol synthesis from progesterone (P450c17, P450c21 and
P450c11) are expressed in the fetal zone (Mesiano & Jaffe 1997) (see Figure 1).
Due to the fact that the human fetal adrenal cortex does not express 3β-HSD
before about 23 weeks of gestation excluding the above described temporary
expression at weeks 8-10, it has been hypothesized that this enzymatic step may be
rate limiting in cortisol synthesis and predispose very premature sick newborns to
RAI. However, Nykänen et al. (2010) did not find evidence of significant
immaturity in adrenal 3β-HSD activity in preterm infants between 24 and 28 weeks
of gestation on the basis of serum steroid concentration measurements.
2.2.3 Synthesis and metabolism of adrenal steroids postnatally
Steroidogenesis comprises the synthesis of biologically active steroids from
cholesterol in steroid producing organs (for a diagram see Figure 2). Low-density
lipoproteins are the main source of adrenal cholesterol (Miller & Auchus 2011).
There is evidence that the adrenal cortex can also use high-density lipoprotein as a
cholesterol supply (Hoekstra et al. 2010). Steroidogenesis requires routes by which
cholesterol is metabolized to steroid hormones. Steroid production in the adrenal
cortex is stimulated by pituitary ACTH, which has both acute and long-term
stimulatory effects on steroidogenesis at several steps. The steroidogenic acute
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regulatory (StAR) protein facilitates the movement of cholesterol from the outer to
the inner mitochondrial membrane where the initial and rate-limiting step in
steroidogenesis, the conversion of cholesterol to pregnenolone by P450scc, occurs
(Miller & Auchus 2011).
The steroidogenic enzymes fall into two categories: hydroxysteroid
dehydrogenases and cytochrome P450 enzymes. A cytochrome P450 may be either
in mitochondria (type 1) or in the endoplasmic reticulum (type 2). Hydroxysteroid
dehydrogenases may belong to either the short-chain dehydrogenases or aldo-keto
reductases. These enzyme activities are moderated by post-translational
modifications and co-factors, particularly electron-donating redox associates
(Miller & Auchus 2011).
After P450scc, the second key step in human adrenal glucocorticoid and
androgen synthesis is catalyzed by P450c17, acting both as a hydroxylase (17αhydroxylation, androgen and glucocorticoid pathway) and as a lyase (17, 20 lyase,
androgen pathway (Auchus et al. 1998) (Figure 2). This 17, 20-lyase activity is
predominant in the zona reticularis (Turcu et al. 2014). The third key enzyme in the
synthesis of mineralocorticoids, glucocorticoids and biologically active androgens
in postnatal human adrenals is 3β-HSD, whose peculiar role in fetal adrenal
steroidogenesis was discussed in the previous chapter. Expression of 3β-HSD is
needed for mineracorticoid synthesis in the zona glomerulosa and glucocorticoid
synthesis in the zona fasciculata. The developing zona reticularis has only weak
expression of 3β-HSD but high expression of P450c17 and steroid sulfotransferase,
which directs steroidogenesis in this zone towards DHEA an DHEAS synthesis
(Turcu et al. 2014), resembling the situation in the fetal zone.
2.2.4 Glucocorticoid action of cortisol
Cortisol has numerous physiological effects on metabolism, the cardiovascular and
the immune system (Oelkers 1996). Cortisol interacts with other hormones
regulating glucose concentrations: catecholamines, glucagon and insulin.
Hypercortisolism increases glucose production at the expense of protein and lipid
catabolism. Cortisol increases BP by mechanisms involving kidneys and the
vascular system. In smooth muscle vasculature, cortisol increases sensitivity to
catecholamines. Cortisol increases the serum glucose concentration through the
activation of the main enzymes implicated in gluconeogenesis and the inhibition of
glucose uptake in peripheral tissues. In addition, lipolysis is triggered, which results
in hyperlipemia (Sakaue & Hoffman 1991). Glucocorticoids increase the activity
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of endothelial nitric oxide synthetase, preserving micro-vascular perfusion (Murata
et al. 2004).
2.2.5 Mineralocorticoid action of cortisol
Besides the glucocorticoid action, cortisol binds to the mineralocorticoid receptor
and has thus mineralocorticoid actions. As a result, cortisol may cause some sodium
retention that may influence blood pressure (Clore et al. 1992; Funder 2005).
2.2.6 Antenatal and early postnatal glucocorticoid therapy
Ante- and also postnatally administered glucocorticoids may increase the
bioactivity of circulating glucocorticoids not attributable to endogenous serum
cortisol (Nykänen et al. 2007). The preceding glucocorticoid treatment and the
increase in endogenous serum cortisol due to birth-related stress need to be taken
into account when evaluating circulating glucocorticoid levels in preterm infants.
According to WHO recommendations, antenatal corticosteroid therapy is
recommended for pregnant females at risk of preterm birth from 24 weeks to 34
weeks of gestation, without clinical evidence of maternal infection. However, the
gestational age needs to be accurately calculated and preterm birth should be
imminent within 1 to 7 days (Roberts & Dalziel 2006; WHO 2015).
The first trial of an antenatal glucocorticoid in pregnant mothers with imminent
premature delivery was conducted by Liggins and Howie (1972). Betamethasone
containing 6 mg betamethasone phosphate and 6 mg betamethasone acetate twice
with a 24-hour interval reduced the risk of respiratory distress syndrome (RDS)
(Halac et al. 1990, Kari et al. 1994; Crowley 1995; Stutchfield et al. 2005; Roberts
& Dalziel 2006). The therapy did not affect the incidence of BPD (Crowley 1995;
Crowley 2000). Giving antenatal glucocorticoids within 1-10 days before preterm
birth is likely to increase the success of postnatal non-invasive treatments of very
preterm infants (Hallman 2015).
Extremely preterm infants exposed prenatally to synthetic glucocorticoids for
fetal lung maturation had a lower likelihood of hypotension in the first days after
birth than did preterm infants who did not receive synthetic glucocorticoids (Moise
et al. 1995). In addition, in a study in preterm infants, proinsulin, insulin and Cpeptide levels in cord blood remained elevated up to two days after the last prenatal
steroid dose, in spite of a normal glucose concentration, suggestive of insulin
resistance (Verhaeghe et al. 2005).
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Antenatal betamethasone may reduce the incidence of white matter lesions in
VLBW neonates (Agarwal et al. 2002), but the effectiveness of antenatal steroids
in lessening peri-ventricular leukomalacia (PVL) was not described (Crowley
2000). A decrease in the risk of the combined outcome of intraventricular
hemorrhage and PVL was observed in a randomized trial (Kari et al. 1994).
Prenatal steroid management did not increase the risk of maternal hypertension,
infections, or death (Roberts & Dalziel 2006). In a study on early postnatal lowdose cortisol therapy in mechanically ventilated ELBW infants, high cortisol levels
in the first days of life (independently of cortisol treatment) were associated with
an increased risk of later cerebral palsy (Aucott et al. 2010).
2.3

Diagnostics of adrenal insufficiency

There are no universal criteria for adrenal insufficiency of prematurity, but the
clinical outcomes of adrenal insufficiency in neonates include hypotension,
reduced urine output, hyponatremia, and the need for oxygen therapy.
The diagnosis of adrenal insufficiency in significantly ill adult patients has
been based on the measurement of random total serum cortisol or the change in
cortisol in response to synthetic ACTH (Annane et al. 2000; Arafah 2006).
However, there are significant variations in the diagnosis of adrenal insufficiency
in clinical practice (Wallace et al. 2009).
Most assays conducted to determine the amount of cortisol in serum assess the
total hormone concentration, including both free and protein-bound cortisol. The
free cortisol index, defined as the ratio of serum total cortisol to corticosteroidbinding globulin (CBG), is useful for the interpretation of serum total cortisol in
situations where the CBG concentration changes significantly (le Roux et al. 2003).
In critically ill patients, the CBG concentration is decreased, and the fraction
of free cortisol is amplified (Hamrahian et al. 2004). In addition, with the acute
stimulation of the adrenal gland, the relative increase in the free bioactive cortisol
concentration is considerably more pronounced than the surge of the total cortisol
concentration (Vogeser et al. 2001). Subsequently, in critically ill patients, the total
serum cortisol level may not reflect the precise level of free cortisol. This
disconnection between the levels of total and free cortisol is most noticeable in
patients with serum albumin levels of less than 2.5 g/dL (Salgado et al. 2006). The
interpretation of the total serum cortisol concentration is additionally complicated
by the fact that the sensitivity, specificity, and performance of the commercially
available tests are not uniform (Vogeser et al. 2001). The measurement of the free
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cortisol level may be improved by upgraded laboratory techniques and testing kits
that are commercially available (Vogeser et al. 2007).
ACTH Stimulation Test; First, blood is drawn for the assessment of the
baseline cortisol level, then synthetic ACTH is administered, and thereafter, blood
samples are taken for a cortisol level assessment (Kazlauskaite et al. 2008). The
ACTH tests have several limitations, including failure to assess the integrity of the
HPA axis and its response to stress and the adequacy of cortisol concentrations
during stress. In addition, the results of the ACTH stimulation test may be poorly
reproducible (Loisa et al. 2005) and this test may not be sensitive in detecting
patients with mild AI or recent onset secondary adrenal insufficiency (Kazlauskaite
et al. 2008). Because of these limitations, Annane et al. (2006) reported that a delta
cortisol (the increase in serum total cortisol in the ACTH test) of less than 9 µg/dL
and a random total cortisol of less than 10 µg/dL were the best predictors of adrenal
insufficiency in adult patients with shock (Annane et al. 2006a).
The estimation of adrenal function in neonates is complicated by differences
in the ACTH doses and variable gestational and postnatal ages at ACTH testing as
well as by variations in disease severity and criteria of appropriate cortisol
responses after ACTH stimulation (Watterberg et al. 2005). Variable ACTH doses
(0.1 µg/kg, 0.2 µg/kg, up to 36 µg/kg) were given to premature neonates at different
postnatal ages using variable criteria for basal and stimulated cortisol levels in a
variety of RAI conditions (Aucott et al. 2008). In Finland, it is common to use an
ACTH test with 1 µg/1.73 m2 of ACTH ("mini-ACTH-test").
In a prospective observational study on ACTH and the cortisol response to
serious illness in full-term and late preterm newborns (more than or equal to 34
weeks), the baseline median cortisol value was under the threshold value (15
µg/dL) utilized to define RAI in adult populations (Fernandez et al. 2008).
2.4

Observations on dysfunction of the HPA axis in acute illness

2.4.1 Evidence for relative adrenal insufficiency in preterm infants
In previous studies, RAI has also been described in seriously ill newborns. Reports
implied that RAI is a contributing factor to unstable hemodynamics in sick
premature newborns (Fernandez & Watterberg 2009; Quintos & Boney 2010). In
RAI, cortisol concentrations may be low or high, but always inadequate in meeting
the raised metabolic demand (Annetta et al. 2009). In addition, Watterberg and
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Scott found lower cortisol concentrations at 3 days of life in premature infants who
later developed BPD. However, this association is complex. RAI may contribute to
BPD by increasing the risk of lung inflammation (Watterberg & Scott 1995).
RAI was described in the early 1990s in infants presenting with Addisonianlike crises, such as hypotension, hyponatremia, decreased urine output, and cortisol
levels of less than 15 µg/dL (Ward et al. 1991). Several randomized control trials
have suggested the benefit of GCs in preventing and treating refractory hypotension
through the first week of life. Ng et al. (2006) showed that rescue therapy with HC
in VLBW infants with refractory hypotension was associated with a decreased need
of volume expansion, dopamine, and dobutamine for BP support. Early HC therapy
initiated within 2-3 days of life has been suggested to decrease the need of
vasopressor therapy in ELBW (Efird et al. 2005) and very preterm (Bonsante et al.
2007) infants. However, in the former study, no association was found between
baseline cortisol levels and the incidence of vasopressor treated hypotension (Efird
et al. 2005). The HC-treated infants were generally weaned off vasopressors within
three days (Efird et al. 2005; Ng et al. 2006). According to a country-wide survey
in Japan, 4% of very low birth weight neonates were treated with postnatal GCs
because of circulatory collapse thought to be associated with adrenal insufficiency
due to prematurity (Kusuda et al. 2006).
The pathophysiology of pressor-resistant hypotension is not well
comprehended, but the down-regulation of adrenergic receptors in cases of serious
disease and exogenous catecholamine treatment may be a causal factor. In addition,
the corticosteroid effect on BP may involve both genomic and non-genomic
mechanisms (Quintos & Boney 2010). Previous reports of glucocorticoidresponsive hypotension in extremely premature neonates in the early postnatal
period proposed that the HPA system does not work adequately in the immediate
postnatal period (Ng et al. 2006). There are few data on BP and basal serum cortisol
concentrations in neonates of less than 30 weeks’ of gestation during the first days
of life (Martins & Procianoy 2007). The functional assessment of the HPA axis with
synthetic ACTH and CRH indicates that the pituitary gland is able to respond
normally to CRH, but there is inadequate cortisol release throughout the first week
of life (Huysman et al. 2000; Ng et al. 2004).
Very preterm neonates could be anticipated to be at an increased risk for
cortisol insufficiency in response to stress or acute illness because of the immaturity
of the adrenal gland itself due to more than one cause. First, the activities of 3βHSD and possibly other enzyme, which are crucial for the synthesis of cortisol, are
limited in the adrenals of preterm neonates (Mesiano & Jaffe 1997). The adrenal
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neocortex does not express 3β-HSD prior to 23 weeks of gestation and mostly does
not produce cortisol de novo until about 30 weeks of gestation; prior to that the
fetus consumes placental progesterone to bypass 3β-HSD to produce cortisol.
Second, the transmission of maternal cortisol across the placenta may have adverse
effects on the fetus. The placenta contains 11β-hydroxysteroid dehydrogenase 2
(11β-HSD2), which converts maternal cortisol to the biologically inactive form,
cortisone. At early stages of gestation, the 11β-HSD2 activity is low, letting
maternal cortisol to pass the placenta and inhibit the fetal HPA axis. Later in
gestation, increasing levels of placental 11β-HSD2 inactivate most of the maternal
cortisol, freeing the fetal HPA axis from suppression and increasing fetal cortisol
production towards the term (Fernandez & Watterberg 2009). Also, in the
extremely preterm infant, this suppression of the HPA axis by maternal cortisol
likely contributes to the immaturity of the axis and perhaps to RAI in the face of
stress (Fernandez & Watterberg 2009).
The HPA axis might be affected in infants born prematurely. First, several
researchers found that the pituitary response to exogenous CRH was impaired
(Rizvi et al. 1992; Hanna et al. 1993; Ford et al. 1997; Bolt et al. 2002a). Second,
some researchers found that enzymes of the adrenal cortex were undeveloped and
a reduced 11β-hydroxylase activity was proposed to be a key rate-limiting step
(Thomas et al. 1986; Doerr et al. 1988; Lee et al. 1989). Third, one study reported
preferred conversion of cortisol to cortisone with decreasing gestational age (Bolt
et al. 2002b).
Adrenocortical insufficiency in the premature infant is short in duration. The
majority of premature newborns respond to exogenous CRH and ACTH testing by
two weeks of life (Ng 2008; Ng et al. 2002; Ng et al. 2004), which signifies the
augmented expression and activity of 3β-HSD and 11β-hydroxylase enzymes and
the maturity of the HPA axis. In some extremely premature infants, a deficient
adrenocortical response may persist until the third week of life (Watterberg et al.
2001).
2.4.2 Evidence for relative adrenal insufficiency in term infants
The newborn can be susceptible to adrenal insufficiency because of shifts in
hormone production during transition to the extra-uterine life (Watterberg 2004).
At birth, the very high concentration of CRH from the placenta is abruptly
withdrawn. The hypothalamic CRH synthesis may be briefly suppressed and/or the
pituitary gland may be transiently refractory to the lower concentrations of CRH
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produced by the hypothalamus, and may not be able to increase ACTH secretion to
stimulate the adrenal gland of the newborn infant for several days (Fernandez &
Watterberg 2009).
Previous clinical and experimental findings in adults suggest that the failure to
recover from sepsis and acute RDS is regularly associated with the failure of
activated GRs to down-regulate cytokine synthesis, even when there is an increase
in circulating cortisol concentrations (Meduri & Yates 2004). The tissue resistance
of GCs is a well-known characteristic of chronic inflammatory diseases, as well as
during acute inflammation (Meduri & Yates 2004).
In another study, cortisol levels did not show a relation to the degree of stress
of surgery, and the researches postulated that the weak correlation was a reflection
of impaired cortisol production in newborn infants (Anand & Aynsley-Green 1988).
Thomas and his team reported that roughly 10% of the ill term newborns in
their study had a decreased basal cortisol level of even less than one µg/dL (Thomas
et al. 1986). Pittinger and Sawin reported that three quarters of their diaphragmatic
hernia infants had cortisol levels below seven μg/dL, and that 50% of the infants
who died had low cortisol in response to ACTH (Pittinger & Sawin 2000). Tantavit
and his colleagues reported that most of the critically ill term newborns with
refractory hypotension had cortisol values of less than 15 µg/dL, and all responded
to glucocorticoid administration with hemodynamic stabilization (Tantavit et al.
1999). Soliman and his team reported that one third of septic term newborns had
basal cortisol values of <15 µg/dL (Soliman et al. 2004).
Finally, Fernandez et al. found that more than half of mechanically ventilated
newborns, born at gestational ages of 35 weeks or more, on vasopressors had
cortisol concentrations of less than 15 µg/dL, and that these infants responded to
hydrocortisone with an improved blood pressure, decreased dopamine use and a
decreased heart rate (Fernandez et al. 2005). In a subsequent prospective study,
ACTH and cortisol levels did not differ between critically and non-critically ill late
preterm and term infants (Fernandez et al. 2008). Most of the critically ill neonates
did not show the expected rise in cortisol in response to critical illness. Their
response to exogenous ACTH was normal, showing that the inadequate response
to critical illness in these newborns did not result from primary adrenal dysfunction.
Therefore, Fernandez proposed that another part of the HPA axis was affected in
the ill newborns (Fernandez et al. 2008).
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2.4.3 Adrenal dysfunction & glucocorticoid therapy in sepsis
The HPA axis dysfunction in sepsis remains a dilemma. With the exception of CRH,
ACTH, and cortisol, many neuro-endocrine factors participate in the modification
of the HPA stress response. Tissue corticosteroid antagonism may be involved.
These factors complicate the concept of RAI, and they may account for the
difficulty of clinical diagnosis and for the contradictory results of corticosteroid
replacement therapy in severe sepsis (Peng & Du 2010). In patients with septic
shock with refractory hypotension, low-dose HC can reduce the time course and
dosage of inotropes, recover tissue oxygen uptake, and improve the recovery from
septic shock (Hu et al. 2009).
HC should be considered in the management strategy of adult patients with
septic shock (Annane et al. 2002; Sprung et al. 2008). Improvements in the
supportive care of critically ill adult patients with septic shock have increased
survival rates (Annane et al. 2003). The use of moderate-dose HC was efficacious
in patients with ARDS and septic shock, who did not respond to fluid and inotrope
resuscitation (Annane et al. 2006a). Sepsis treatment strategies include low-dose
GCs for the management of vasopressor-dependent septic shock (Briegel et al.
1999; Dellinger et al. 2004). In a large prospective adult study, therapy with a HCfludrocortisone combination reduced mortality in the subclass of patients who
showed a weak adrenal response to an ACTH test (Annane et al. 2002).
The recommended physiologic replacement dose of hydrocortisone in pediatric
patients is approximately 10 mg/m2/day divided into three doses (Shulman et al.
2007). Additionally, while suppressing an exaggerated proinflammatory response,
even stress doses of hydrocortisone did not seem to be immunosuppressive
(Kaufmann et al. 2008). The continuous infusion of HC was reported to result in
better glycemic control and less variability in blood glucose concentrations than
bolus infusions (Loisa et al. 2007).
The GC treatment should continue for about one week assuming that there is
no recurrence of signs of a septic shock (Keh et al. 2003). In addition, it should be
respected that the GC management itself causes downregulation of GR levels in
tissues, potentiating the rebound phenomenon with the sudden termination of the
GC therapy (Schaaf & Cidlowski 2002).
There is no indication that corticosteroids increase the risk of gastrointestinal
bleeding or of secondary infections in adult patients with septic shock (Annane et
al. 2004). However, pharmacological doses of steroids increase the risk of

35

hyperglycemia. As a result, the frequency of insulin usage may increase with the
exposure to GC (Rady et al. 2006; Loisa et al. 2007).
2.4.4 Hypoxic-ischemic encephalopathy and adrenal dysfunction
Hypoxic-ischemic encephalopathy (HIE) is a type of neonatal encephalopathy
caused by systemic hypoxemia and/or reduced cerebral blood flow resulting from
an acute peripartum or intrapartum event. It is a condition, which can cause
significant mortality and long-term morbidity. Despite major improvements in the
knowledge of fetal and neonatal pathologies, HIE remains a grave condition
(Akamatsu et al. 2014).
In fetal life, severe disturbances are primarily consequences of hypo-perfusion.
However, severe hypoxemia may well be the cause of myocardial dysfunction with
subsequent cardiogenic shock and cerebral hypo-perfusion (Shastri et al. 2012).
Asphyxiated, cooled infants presenting with hypotension were likely to have
hypocortisolism (Kovacs et al. 2018) and cortisol monitoring during neonatal
therapeutic hypothermia is important in neonates with birth asphyxia (Scaramuzzo
et al. 2015).
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3

Aims of the study

The purpose of the study was to clarify whether the circulatory collapse in critically
ill neonates might be a result of insufficient cortisol production, potentially caused
by the limited ability of their adrenal glands to increase the synthesis of cortisol in
serious diseases. I hypothesized that the circulatory collapse in critically ill
newborns is a result of the relative lack of serum cortisol due to the limited capacity
of the stress response of the adrenal glands. To investigate the adrenal function in
term and late preterm newborn infants who suffer from circulatory collapse, I aimed
to determine the extent to which and at which step the cortisol synthesis may be
disturbed. Finally, a specific therapy was used to test this hypothesis.
The specific aims of the research were as follows:
1.

2.

3.

4.

To investigate whether newborn infants with infection and refractory
hypotension display evidence of abnormal concentrations of cortisol, cortisol
precursors and DHEA (I).
To study the relationship between demographic characteristics of the serum
levels of adrenal steroids in critically ill neonates and the occurrence of
refractory hypotension (II).
To assess the relation between serum levels of cortisol as well as its precursors
and the therapeutic effect of hydrocortisone on hypotension in critically ill
neonates (III).
To clarify whether the circulatory collapse in critically ill neonates with HIE is
associated with insufficient cortisol production due to the limited ability of
their adrenal glands to increase cortisol synthesis in order to withstand serious
illness (IV).
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4

Subjects and methods

The study was undertaken at Oulu University, Finland and continued at Suez Canal
University, Egypt between 2010 and 2017. All the studied neonates were from
Egypt and they were treated in the Suez Canal University Hospital. The equipment
and the capacity of the newborn unit fulfilled or exceeded the requirements of the
Egyptian state for the intensive care of newborn infants.
4.1

Subjects

4.1.1 To investigate whether newborn infants with infection and
refractory hypotension display evidence of abnormal concentrations
of cortisol or cortisol precursors and DHEA (I)
The study was carried out from January 2012 to June 2014. A total of 60 full-term
or late preterm neonates with evidence of infection were enrolled after informed
consent was obtained. Of these, 30 had an infection and refractory shock, and 30
had an infection without shock. There were no detectable differences between the
groups in the length of gestation, weight at birth, or gender distribution. Neonates
from 34 to 42 weeks of gestation who were from four to 14 days old and suffered
from neonatal infections were included in the study. All neonates with signs and
symptoms of infection, such as reduced spontaneous activity, less vigorous sucking,
anorexia, apnea, bradycardia and temperature instability, and laboratory evidence
of infection were divided into two groups. Blood cultures were taken to specify the
etiology of the infection.
4.1.2 To assess the relation between adrenal insufficiency and the
circulatory collapse in critically ill neonates (II, III)
The cortisol metabolism of ninety-six infants with hypotension and critical neonatal
disease was investigated. The infants were divided into non-responders (Group A)
and responders (Group B) to plasma expanders and inotropes. Serum
concentrations of steroids were analyzed soon after the onset of volume expansion
and inotrope treatment for shock. The 48 non-responders were treated with
intravenous HC (1 mg/kg twice daily for 3 days), and serum cortisol concentrations
were monitored a week later.
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Inclusion criteria were as follows:
Group A:

1.

2.
3.

Neonates of gestational ages from 34 weeks to 42 weeks with a serious illness.
The gestational age was determined using the date of the mother’s last
menstrual period and the Ballard chart (Ballard et al. 1991).
Postnatal age from day 4 to day 14. Before the fourth day of life, the chemistry
of the mother may interfere with the chemistry of the newborn.
Neonates with signs suggestive of circulatory collapse.
–

–

Refractory hypotension: Hypotension was defined as a mean BP <10th
percentile for gestational age and no reaction to high-dose inotropes
(dopamine ≥ 15 µg/kg per minute or dobutamine 10 µg/kg per minute)
(Watkins et al. 1989; British Association of Perinatal Medicine and the
Research Unit of the Royal College of Physicians 1992) within one hour
from the start of the infusion. The onset of the action of dopamine occurs
within five minutes of intravenous administration; its plasma half-life is
about two minutes, and the duration of action is less than 10 minutes.
Systolic, diastolic, and mean BP values were recorded by digital BP
monitoring, M747 monitor (Meditec, London, UK). The BP values
presented in this report represent the average of three BP recordings.
Decreased urine output: Urine output of less than one mL/kg/h during a
four-hour interval (Masumoto et al. 2008) is defined as a lack of response
to an intravenous fluid bolus (10–20 ml/kg) and a high dose of inotropes
within six hours from the start of the infusion.

Control group B:

1.
2.
3.
4.

Included neonates suffering from serious illness.
With gestational ages from 34 weeks to 42 weeks
From postnatal day 4 to day 14.
With critical illness and circulatory collapse without refractory hypotension.
These infants responded to management with intravenous fluids and inotropes.

Exclusion criteria:
For the interval of 48 hours before participation in the study, the following
exclusion criteria were considered:
–
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Surfactant administration within less than 24 hours before the blood sample

–
–
–
–

Stress-inducing medical procedures, such as ultrasound scans, and x-ray or
endotracheal intubation within four hours before blood sampling
Congenital anomalies, such as congenital heart diseases, central nervous
system malformation, and renal anomalies
Postnatal corticosteroid therapy before blood sampling
Maternal history of endocrine diseases, such as diabetes mellitus and thyroid
or adrenal problems, also antenatal steroid therapy.

4.1.3 To clarify whether the circulatory collapse in critically ill
neonates with hypoxic-ischemic encephalopathy (HIE) is associated
with insufficient cortisol production due to the limited ability of their
adrenal gland to surge cortisol synthesis to withstand serious illness
(IV)
A total of 30 neonates were analyzed in the study: 15 neonates had HIE with
vasopressor-resistant hypotension, and 15 neonates had HIE without vasopressorresistant hypotension. Both groups were matched based on the Apgar score at birth
and the stage of HIE. All were assessed as having severe (stage III) HIE (Zanelli et
al. 2005). A history, examination and laboratory investigation of serum cortisol and
its precursor concentrations were conducted. The neonates were of 37 to 41 weeks
of gestation and aged from 4 days to 14 days. The stage of HIE was determined as
described in Table 1.

4.2

Clinical methods

A form used in data collection was designed to include data about the identification
and present and past medical histories. A complete history and a complete clinical
examination were conducted for all of the included neonates.
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Table 1. Modified HIE staging criteria.
Stage of HIE

Features

Mild (Stage 1)

Muscle tone may be increased and deep tendon reflexes may be brisk during
the first few days.
Transient behavioral abnormalities, such as poor feeding, irritability, or
excessive crying or sleepiness.

Moderate (Stage 2)

Lethargy, with hypotonia and diminished deep tendon reflexes.
The grasping, Moro, and sucking reflexes sluggish or absent.
Occasional periods of apnea.
Seizures may occur within the first 24 hours of life.

Severe (Stage 3)

Stupor or coma is typical
Irregular breathing or requirement of ventilator support.
Generalized hypotonia and depressed deep tendon reflexes
Absent neonatal reflexes
Disturbances of ocular motion
Pupils may be dilated, fixed or poorly reactive to light
Early seizures
During progression, seizures subside, EEG becomes isoelectric or shows burst
suppression.
Wakefulness deteriorates further, and fontanels may bulge, suggesting
increasing cerebral edema.

(Zanelli et al. 2015)

4.3

Laboratory investigations

The steroid analytics was performed as a paid service in the Central laboratory,
Clinical Medicine, Suez Canal University; the responsible persons were Ahmed
Ibrahim, associate professor and head of the laboratory, and Amal Ahmed,
professor of clinical pathology. An ABI SCIEX API 3000 LC-MS/MS device (Cary,
North Carolina, USA) was used in determining the serum steroid concentrations.
The analysis included serum specimens obtained from the seriously ill neonates of
the study groups.
Preparation of calibrators, internal standards and quality controls: Defibrinated
and charcoal stripped human serum (BioChemed Services, Winchester, VA, USA)
was used to prepare the calibration curves for quantitation of all serum samples.
Standard solutions of each steroid and internal standard were prepared individually
in methanol at 1.0 mg/mL. The uppermost calibrator containing a mixture of
steroids was made by blending appropriate volumes of each individual steroid
standard solution and diluted with stripped serum.
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An LC-MS/MS method was developed and validated to simultaneously
analyze pregnenolone, pregnenolone sulfate, 17-OH-pregnenolone, 17-OHpregnenolone sulfate, DHEA, DHEAS, progesterone, 17-OHP, 11-deoxycortisol,
cortisol, and cortisone. Serum samples spiked with isotope-labeled steroids as
internal standards were extracted using toluene before the LC-MS/MS analysis.
The chromatographic separation of underivatized steroids was achieved on a
biphenyl column with 0.5 mM ammonium fluoride as the eluent additive and a
water-methanol gradient to improve ionization.
After validation, the method was found suitable for the quantitative analysis of
cortisol (6.7 pM-13 nM), cortisone (3.3 pM-6.6 nM), pregnenolone (3.3 pM-7 nM),
pregnenolone sulfate (3.3 pM-13 nM), 17OHP (32 pM-65 nM), progesterone (33
pM-60 nM), DHEA (333 pM-32 nM), and DHEAS (250 pM-30 nM).
In addition, a complete blood count (hemoglobin and leukocyte counts),
arterial blood gases, serum electrolytes (serum sodium and potassium), blood sugar,
and serum albumin were measured. A septic work-up (complete blood picture and
C- reactive protein) was performed for patients with suspected sepsis.
When circulatory collapse occurred with refractory hypotension with no
reaction to high doses of inotropes, 2 ml of blood was obtained. The time of
sampling was recorded. No extra venous puncture was performed. Instead, the
blood samples were collected at the time of the routine laboratory tests. The person
who conducted all laboratory tests was blinded to the study. All samples were tested
in duplicate.
A blood specimen of 2 ml was withdrawn from the venous line, and the serum
was separated and frozen at -20 oC. The time of day when the sample was collected
was not expected to affect the results obtained because of the lack of a circadian
rhythm and because a single random measurement provides an adequate reflection
of the adrenal status (Jett et al. 1997). 30% glucose was administered orally to
decrease the pain and stress caused by the sampling procedure.
4.4

Statistical methods

The means and standard deviations (SD) of the continuous variables were
determined. When indicated, the median and range were used. The differences
between the means were evaluated using the unpaired t-test. The percentage
differences between Group A and Group B were evaluated by the chi square test. A
value of P <0.05 was considered statistically significant. The bivariate Pearson
correlation was utilized to produce the sample correlation coefficient, r, to measure
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the strength and direction of the linear relationships between pairs of continuous
variables. All the data were analyzed using the SPSS 10 computer program.
4.5

Ethical considerations

Ethical approval for the study was obtained from the research ethics committee of
the Faculty of Medicine at Suez Canal University, No 74/2009. An informed
consent was obtained from the parents. The consent included the following:
1.
2.
3.
4.
5.
6.
7.
8.
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Aim of the research
Simple explanation of the aim of the study to ensure its understanding by
laypersons
No harmful maneuvers used
All data are confidential
All samples used for research only
All parents were informed about the results of the study
Rights of the parents to withdraw from the study at any time
All patients in the study received necessary care and management

5

Results

5.1 Newborn infants with an infection and refractory hypotension:
serum concentrations of adrenal steroids (Study I)
Patient characteristics
A total of 60 newborn infants with neonatal infections were analyzed in the study:
30 infected neonates suffered from circulatory collapse and 30 infected neonates
did not suffer from circulatory collapse. Table 2 shows the demographic
characteristics of the infected neonates with circulatory collapse (Group A) and the
infected neonates without circulatory collapse (Group B). There were no significant
differences between the groups in gestational age at birth, postnatal age, gender
distribution, or birth weight. The male-to-female ratio was 1.73 to 1.0 in Group A
and 1.31 to 1.0 in Group B.
Table 2. Demographic characteristics of infants who had an infection with (Group A) or
without (Group B) circulatory collapse (Study I).
Variable
Number of cases

A. Infected neonates with

B. Infected neonates without

circulatory collapse, mean (SD)

circulatory collapse, mean (SD)

30

30

Gestational age, weeks

38.2 (1.8)

38.4 (1.7)

Birth weight, grams

2861 (201)

2950 (181)

4.8 (0.7)

5.0 (0.6)

19/11

17/13

Age, days (at blood sampling)
Gender (male/female)

Concentrations of serum adrenal steroids
The concentrations of cortisol were low in all neonates considering their lifethreatening illness. The comparison of the vasopressor-resistant and the
normotensive newborns revealed that the cortisol concentrations did not differ
significantly between the groups (Table 3). Because the enzymatic activity of 3βHSD was hypothesized to be impaired in infected neonates with circulatory failure,
the steroids that are substrates for 3β-HSD were compared between the groups. The
levels for the post-3β-HSD steroid hormones, namely 17-OHP and progesterone,
were also determined. Interestingly, the levels of total DHEA (free DHEA plus
DHEAS) (p < 0.0001), 17-OH-pregnenolone (p < 0.0001), and pregnenolone (p <
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0.05) were higher in Group A than B. When the corresponding free and sulfateconjugated steroids were compared separately between the study groups, the levels
of both free and sulfated DHEA and 17-OH-poregnenolone were higher in Group
A, but in the case of pregnenolone only the sulfated form was higher in Group A
than in Group B. No significant differences between the groups were found with
regard to 17-OHP, 11-deoxycortisol, cortisone, and cortisol (Table 3).
Table 3. Serum adrenal steroid concentrations in infected neonates with (Group A) and
without (Group B) circulatory collapse (Study I).
Variable (μg/dL)

Number of cases

A. Infected neonates with

B. Infected neonates without

circulatory collapse,

circulatory collapse,

mean (SD)

mean (SD)

p-value

30

30

Total Preg

55.4 (46.8)

36.9 (14.7)

< 0.05

PregS (sulfate)

51.2 (44.7)

32.1 (13.5)

< 0.05

4.5 (3.5)

4.8 (3.0)

0.7228

PregS/Preg ratio

Preg (free)

11.4 (2.77)

6.7 (4.5)

< 0.0001

Total 17-OH-pregnenolone

149.3 (24.0)

29.6 (11.3)

< 0.0001

17-OH-pregS (sulfate)

139.8 (24.7)

27.3 (10.6)

< 0.0001

9.6 (5.5)

2.4 (1.5)

< 0.0001

17-OH-preg (free)

14.6 (4.49)

11.4 (7.07)

< 0.05

Total DHEA

17-OH-pregS/17-OH-preg ratio

319.0 (110.3)

22.3 (18.3)

< 0.0001

DHEAS (sulfate)

308.9 (107.5)

19.4 (17.0)

< 0.0001

10.1 (6.5)

2.9 (2.4)

< 0.0001

DHEA (free)
DHEAS/DHEA ratio

30.6 (16.54)

6.7 (7.08)

< 0.0001

Progesterone (P)

1.5 (0.4)

1.2 (0.4)

0.0052

17-OHP

4.7 (1.5)

4.4 (2.3)

0.552

11-deoxycortisol

16.4 (5.9)

15.0 (6.1)

0.370

Cortisone

7.2 (1.9)

7.1 (3.2)

0.884

Cortisol

13.5 (4.3)

13.3 (3.5)

0.844

Preg; Pregnenolone

With regard to the micro-organisms detected in the blood cultures, we found that
67% of the isolates were gram negative organisms, 31% were gram-positive
organisms, and 2% of the isolates were candida. Klebsiella pneumoniae was the
most common pathogen, accounting for 24% of the total isolates, followed by
Pseudomonas (19.9%) and Staphylococcus aureus (15.4%).
In the group of infected neonates with circulatory collapse, no significant
correlation was found between the weight of newborn infants and any of the
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hormones. In addition, no noteworthy correlations between the cortisol and any
other hormone levels were detected.
The relationship between sulfated and free adrenal steroids was further studied
by analyzing the ratios between the measured sulfated and corresponding free
steroids. The ratios of pregnenolone sulfate/pregnenolone, 17-OH-pregnenolone
sulfate/17-OH-pregnenolone and DHEAS/DHEA were found to be significantly
higher in the therapy-resistant Group A than in Group B (Table 3).
Table 4 shows the calculated steroid product/precursor ratios reflecting different
steroidogenic enzyme activities in Groups A and B. The only differences between
the groups were observed in the ratios reflecting 3β-HSD and 17-hydroxylase
enzyme activities.
Table 4. Comparison of product/precursor ratios reflecting steroidogenic enzyme
activities in infected neonates with (Group A) and without (Group B) circulatory collapse
(Study I).
Variable (μg/dL)

A. Infected neonates with

B. Infected neonates

circulatory collapse,

without circulatory collapse,

p-value

mean (SD)

mean (SD)

progesterone/preg

0.33 (0.11)

0.25 (0.13)

< 0.05

17-OHP/17-OH-preg

0.49 (0.27)

1.83 (1.53)

< 0.0001

17-OH-preg/preg

2.695 (0.513)

0.802 (0.769)

< 0.0001

17-OH-pregS/pregS

2.730 (0.553)

0.850 (0.785)

< 0.0001

DHEA/17-OH-preg

2.137 (4.6)

0.753 (1.619)

0.125

DHEAS/17-OH-pregS

2.209 (4.352)

0.711 (1.604)

0.082

11-deoxycortisol/17-OHP

3.490 (3.933)

3.409 (2.652)

0.925

cortisol/11-deoxycortisol

0.823 (0.729)

0.887 (0.574)

0.707

cortisone/cortisol

0.533 (0.442)

0.542 (0.914)

0.952

Preg; Pregnenolone

5.2 The relationship between serum adrenal steroids and
refractory hypotension in critically ill neonates (II, III)
Patient characteristics
The characteristics of the reported groups are shown in Table 5. Ninety-six neonates
were included in the study: 48 in Group A non-responders (neonates with refractory
hypotension and circulatory collapse not reacting to intravenous fluids and
inotropes) and 48 in Group B responders (neonates with hypotension and
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circulatory collapse who responded to intravenous fluids and inotropes). There
were no statistically significant differences in the characteristics between the two
groups (Table 5).
Table 5. Demographic characteristics of critically ill neonates with circulatory collapse
not responding (Group A) and responding (Group B) to intravenous fluids and inotropes
(II, III).
Variable

Number of cases

Group A

Group B

(non-responders)

(responders)

mean (SD)

mean (SD)

P-value

48

48

Gestation, weeks, mean (SD)

36.2 (1.8)

36.3 (2.3)

Age at the time of sampling, days (SD)

4.4 (0.6)

4.2 (0.6)

0.280

Weight, grams (SD)

2572 (647)

2465 (540)

0.385

Male gender, No (%)

26 (54.2%)

23 (47.9%)

0.537

Respiratory distress No (%)

34 (70.8%)

36 (75%)

0.692

Neonatal asphyxia No (%)

1 (2.1%)

2 (4.2%)

0.917

Culture proven sepsis No (%)

5 (10.4%)

4 (8.3%)

0.617

Congenital pneumonia No (%)

3 (6.3%)

3 (6.3%)

0.999

Intra-ventricular hemorrhage No (%)

1 (2.1%)

1 (2.1%)

0.999

Miscellaneous* No (%)

4 (8.3%)

2 (4.1%)

0.830

0.870

Miscellaneous* (post-operative cases due to different anomalies)

Outcome
The BP returned to the normal range in 87.5% (42 neonates) of the Group A infants
after HC management; these infants were discharged alive. Six patients died, all of
whom belonged to Group A.
Steroid hormone concentrations
Steroid hormones were compared between Groups A and B. The cortisol and
cortisone concentrations did not differ significantly between these groups (Table
6). The cortisol concentrations were below 10 μg/dL in 34 neonates in Group A.
They increased in 28 out of the 34 neonates, whose cortisol levels were initially
below 10 μg/dL, to the normal range (>10 μg/dL) after treatment with HC. In Group
A, the cortisol concentrations increased by the seventh day after the onset of the
three-day HC course from 12.5 (4.5) μg/dL to 17.1 (5.1) μg/dL (P < 0.05).

48

Table 6. Serum concentrations of steroid hormones in critically ill neonates with
circulatory collapse not responding (Group A) and responding (Group B) to intravenous
fluids and inotropes (Study III).
Variable (μg/dL)

Group A

Group B (responders)

(non-responders)

mean (SD)

p-value

mean (SD)
48

48

Total Pregnenolone

55.3 (48.8)

37.9 (16.9)

< 0.05

PregS (sulfate)

52.5 (47.8)

35.5 (15.9)

< 0.05

3.1 (2.8)

2.4 (2.0)

0.162

PregS/Preg ratio

16.93 (7.0)

14.79 (7.95)

0.165

Total 17-OH-preg

144.3 (26.1)

31.6 (14.3)

< 0.005

17-OH-pregS (sulfate)

136.0 (26.7)

27.3 (13.4)

< 0.0001

8.1 (6.1)

5.0 (4.5)

< 0.05

17-OH-pregS/17-OH-preg ratio

16.79 (4.38)

5.46 (2.98)

< 0.0001

Total DHEA

324.1 (106.3)

37.3 (19.5)

< 0.0001

DHEAS (sulfate)

316.0 (104.5)

31.6 (17.3)

< 0.0001

10.1 (8.9)

5.8 (4.0)

< 0.05

31.29 (11.74)

5.45 (4.33)

< 0.0001

Number of cases

Preg (free)

17-OH-preg (free)

DHEA (free)
DHEAS/DHEA ratio
17-OHP

4.7 (1.5)

4.4 (2.3)

0.600

11-deoxycortisol

16.4 (5.9)

15.0 (6.2)

0.289

Cortisone

7.2 (1.9)

7.1 (3.2)

0.911

Cortisol

12.5 (4.5)

13.6 (2.5)

0.128

Preg; Pregnenolone

The groups differed regarding the levels of DHEA and 17-OH-pregnenolone.
The concentrations of total, free and sulfated DHEA were significantly higher in
those neonates who did not respond to volume expansion and inotrope therapy than
in the responders. Similarly, total, free and sulfated 17-OH-pregnenolone
concentrations were higher in the non-responders. There was also a difference
between the groups regarding total and sulfated pregnenolone, but there were no
significant differences between free pregnenolone, 17-OHP and 11-deoxycortisol
concentrations (Table 6).
In Group A, no significant association was found between the steroid
concentrations and birth weight, the length of gestation, or the gender. However,
the neonates who died had significantly lower cortisol and total pregnenolone
concentrations before the HC therapy than those who survived (Table 7).

49

Table 7. Pre-treatment adrenal steroid concentrations in critically ill neonates with
circulatory collapse not responding to intravenous fluids and inotropes (Group A)
according to the survival (Study III).
Variable (μg/dL)

Died (n=6)

Alive (n=42)

mean (SD)

mean (SD)

P-value

Gestation, weeks

35.5 (2.1)

36.3 (2.4)

0.443

Total Pregnenolone

38.7 (18.2)

65.7 (52.9)

< 0.05

Total 17-OH-pregnenolone

105.2 (60.4)

115.6 (47.1)

0.349

Total DHEA

314.9 (151.8)

358.4 (109.4)

0.110

17-OHP

5.5 (1.6)

5.2 (1.9)

0.475

11-deoxycortisol

22.2 (4.6)

21.2 (5.9)

0.356

Cortisone

6.2 (1.6)

6.2 (1.2)

0.891

Cortisol

5.6 (3.8)

15.2 (2.3)

< 0.0001

In group A, there was a strong negative correlation between the postnatal age in
days and the total DHEA concentration (Table 8).
Table 8. Correlations between the postnatal age and adrenal steroid concentrations in
critically ill neonates with circulatory collapse not responding to intravenous fluids and
inotropes (Group A, n=48) (Study II).
Variable

Pearson correlation

P-value

Total Pregnenolone

- 0.05

0.76

Total 17-OH-pregnenolone

- 0.06

0.67

Total DHEA

- 0.50

< 0.01

Progesterone

0.24

0.10

17-OHP

0.03

0.85

11-deoxycortisol

0.03

0.83

Cortisone
Cortisol

0.06

0.68

- 0.13

0.36

In Group A (non-responders), there was no significant correlation between the
weights of the neonates or any of the measured steroid levels. In addition, among
the non-responders, no significant correlations were found between the cortisol and
other steroid levels.
In Group A, no statistically significant differences were found in cortisol or
other steroid concentrations between the late preterm and term neonates (Table 9).
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Table 9. Serum steroid concentrations in critically ill late preterm and full-term neonates
with circulatory collapse not responding to intravenous fluids and inotropes (Group A,
n=48) (Study II).
Variable (μg/dL)

Less than 37 weeks

Equal or more than 37 w

mean (SD), n=30

mean (SD), n=18

P-value

Total Pregnenolone

63.0 (60.9)

42.5 (33.7)

0.054

Total 17-OH-pregnenolone

120.4(42.9)

144.8 (88.3)

0.088

284.9 (127.4)

341.7 (178.6)

0.076

Progesterone

1.7 (0.4)

1.5 (0.6)

0.057

17-OHP

4.5 (1.4)

4.3 (1.2)

0.454

11-deoxycortisol

17.1 (6.8)

16.5 (4.7)

0.613

Total DHEA

Cortisone

7.4 (2.3)

6.9 (1.4)

0.201

Cortisol

12.4 (4.6)

11.5 (4.3)

0.324

In Group A (non-responders), there were no significant differences in cortisol or
other steroid concentrations between the neonates whose birth weight was less or
more than 2500 g (Table 10). In addition, there were no significant differences in
Group A between the concentration of cortisol or other steroids in males and
females.
Table 10. Serum steroid concentrations in critically ill low (<2500 g) and normal (>2500
g) birth weight neonates with circulatory collapse not responding to intravenous fluids
and inotropes (Group A, n=48) (Study II).
Variable (μg/dL)

Less than 2500 g

Equal or more than 2500 g

mean (SD), n=23

mean (SD), n=25

P-value

Total Pregnenolone

65.0 (58.5)

45.4 (37.6)

0.053

Total 17-OH-pregnenolone

122.8 (47.0)

177.3 (138.3)

0.105

Total DHEA

309.5 (126.7)

325.7 (89.1)

0.648

Progesterone

1.6 (0.4)

1.5 (0.7)

0.584

17-OHP

4.8 (1.9)

4.5 (1.1)

0.552

11-deoxycortisol

16.5 (6.8)

16.6 (5.0)

0.949

Cortisone

7.5 (2.2)

6.9 (1.4)

0.616

Cortisol

12.3 (4.3)

11.8 (4.0)

0.709
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5.3 Newborn infants with hypoxic ischemic encephalopathy (HIE)
and refractory hypotension: serum concentrations of adrenal
steroids (IV)
Patient characteristics
A total of 30 newborn infants with neonatal HIE were analyzed in two matched
groups: 15 neonates with HIE and vasopressor-resistant hypotension (Group A) and
15 neonates with HIE without vasopressor-resistant hypotension (Group B). There
were no significant differences in the demographic characteristics of gestational
age, birth weight or age between the groups. All of the included HIE neonates were
in stage 3 and had an Apgar score, ≤3 at 1 min and Apgar ≤3 at 5 min, also.
Concentrations of adrenal steroids
The HIE group with vasopressor-resistant hypotension (Group A) had higher values
for total and sulfated DHEA than Group B. In contrast, there were no significant
differences between Groups A and B in the following steroids: total, sulfated or free
pregnenolone and 17-OH-pregnenolone, progesterone, 17-OHP, 11-deoxycortisol,
cortisol, cortisone (Table 11). The ratios DHEAS/DHEA and 17-OH-pregnenolone
sulfate/17-OH-pregnenolone were significantly higher in Group A than in Group B
(Table 11).
Table 11. Serum adrenal steroid concentrations in HIE neonates with (Group A) and
without (Group B) circulatory collapse (Study IV).
Variable (μg/dL)

A. HIE neonates with

B. HIE neonates without

circulatory collapse,

circulatory collapse,

mean (SD)

mean (SD)

p-value

15

15

Total pregnenolone

45.9 (15.3)

39.2 (11.9)

0.191

PregS (sulfate)

41.1 (13.9)

36.1 (11.5)

0.292

4.9 (3.4)

3.8 (4.2)

0.437

PregS/Preg ratio

8.38 (4.09)

9.50 (2.7)

0.383

Total 17-OH-pregnenolone

105.3 (28.7)

90.9 (16.3)

0.102

17-OH-pregS (sulfate)

97.3 (29.9)

80.8 (16.5)

0.072

7.9 (4.0)

10.0 (4.9)

0.209

12.32 (7.4)

8.08 (3.36)

< 0.05

Number of cases

Preg (free)

17-OH-preg (free)
17-OH-pregS/17-OH-preg ratio
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Variable (μg/dL)

A. HIE neonates with

B. HIE neonates without

circulatory collapse,

circulatory collapse,

p-value

mean (SD)

mean (SD)

Total DHEA

342.1 (101.3)

33.4 (16.5)

< 0.001

DHEAS (sulfate)

332.0 (100.9)

30.9 (15.8)

< 0.0001

2.9 (0.9)

2.5 (1.8)

0.448

114.48 (42.1)

12.36 (4.77)

< 0.0001

Progesterone

2.9 (0.9)

3.2 (0.7)

0.317

17-OHP

6.2 (2.9)

5.3 (1.2)

0.276

Cortisone

9.3 (0.5)

9.7 (0.8)

0.112

Cortisol

12.9 (4.3)

12.1 (2.4)

0.534

DHEA (free)
DHEAS/DHEA ratio

Preg; Pregnenolone
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Discussion

In this thesis, I aimed to clarify whether circulatory collapse with refractory
hypotension in neonates with critical illnesses, such as sepsis, HIE and other
diseases, is associated with insufficient cortisol production due to the limited ability
of the adrenal glands to increase cortisol synthesis. I studied the serum
concentrations of adrenal steroids to find out a possible association between the
steroid levels and the severity of the disease. The study included 186 critically ill
neonates suffering from a variety of critical conditions associated with hypotension.
Refractory hypotension is often evident during serious illness in very preterm
infants. However, less data are available on late preterm and term infants and the
interpretation of the levels of serum cortisol is challenging (Ng 2016). Inotropes
should be used to treat hypotension that is unresponsive to intravenous fluid, which
ideally, is guided by the assessment of perfusion rather than blood pressure only
(O'Brien & Walker 2014). The delay in cord clamping for 30–120 seconds, instead
of immediate clamping, is associated with better circulatory stability (Rabe et al.
2012; Fogarty et al. 2018).
The hypotensive late preterm and term neonates in the present study had a low
mean arterial blood pressure despite volume expansion and inotropes. The standard
diagnosis of hypotension in neonates in the first days of life has mostly been based
on invasive measurements. However, the oscillometric analysis has a good
correlation with intra-arterial monitoring although it slightly overestimates the BP
in neonates. In order to eliminate the errors in non-invasive mean arterial blood
pressure, Dannevig et al. (2005) proposed fitting an appropriately sized cuff to
measure the BP in a quiet or sleeping state and to obtain an average of three or more
measurement readings as was done in the presented studies.
Numerous studies have used immunoassays to investigate the concentration of
cortisol in neonates (Watterberg et al. 2005; Fernandez et al. 2005). However, the
cross-reactivity in cortisol immunoassays complicates the interpretation of the
result. Cortisol can be measured from blood, saliva and urine. Each method requires
the definition of its own reference range and its related diagnostic cut-off levels
(Gatti et al. 2009). The assessment of steroids in urine during critical situations is
likely not applicable and the measurements using serum are more rapid. LCMS/MS provides sufficient specificity, precision and limits of quantification
improving diagnostic possibilities, especially when steroid profiles are needed
(Soldin & Soldin 2009).
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6.1 Adrenal insufficiency with refractory hypotension in septic
neonates
In the present study involving infants with a severe infection, serum cortisol
concentrations were relatively low, similar to those reported in premature newborns
after the first two week of life (Watterberg et al. 2005). In addition to relatively low
cortisol levels, I found that the neonates with refractory hypotension associated
with the infection had higher serum concentrations of several precursor steroids
proximal to the 3β-HSD enzyme step compared to the controls.
The 17-OHP/17-OH-pregnenolone ratio was lower in the circulatory collapse
group, suggesting a lower 3β-HSD activity in this group compared with the control
group. The ratios between 17-OH-pregnenolone/pregnenolone and 17-OHpregnenonole sulfate/pregnenolone sulfate were significantly higher in the infants
with therapy resistant hypotension than in their controls. This suggests that the
activity of the 17-hydroxylase enzyme could have been increased in infants with
therapy resistant hypotension. The ratios of DHEA/17-OH-pregnenolone and
DHEAS/17-OH-pregnenolone sulfate were not significantly different between the
infants with or without refractory hypotension indicating no difference in the 17,
20-lyase activity between the groups. The 11-deoxycortisol/17-OHP and
cortisol/11-deoxycortisol ratios did not differ between the groups either, suggesting
that neither 21-hydroxylase nor 11-hydroxylase activities were significantly
affected by refractory hypotension.
Previous studies have suggested that premature neonates with refractory
hypotension have a reduced ability to produce cortisol. The cortisol concentrations
in neonates were measured in the current study after the fourth day of life to permit
the mother’s hormones to be metabolized and to avoid the potential bias caused by
placental and maternal hormones (Jett et al. 1997; Ng et al. 2001). Critical
hypotension in sick preterm neonates was evident during the first two days after
the unresponsiveness to inotropes was noted (Dasgupta & Gill 2003). Iwanaga et
al. (2017) found that basal cortisol levels of preterm infants with RAI were not
different from those without RAI. The blood specimens were studied one hour after
the unresponsiveness to inotropes was observed. There was no surge in cortisol
concentrations in response to the refractory hypotension, which was precipitated
mostly by infection. In these infants, the endogenous cortisol concentration within
the normal range did not maintain the BP (I). I also found a significant difference
in the concentrations of pregnenolone sulfate, free and sulfated 17-OHpregnenolone and DHEA between the infected neonates with circulatory collapse
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and the infected neonates without circulatory collapse. However, the
cortisol/cortisone ratio was unaffected.
These findings are in concordance with a previous study indicating that the
concentrations of adrenal precursor steroids were increased in premature neonates
with late onset circulatory collapse (Masumoto et al. 2008). In addition, very
preterm neonates with low cortisol concentrations after PDA ligation were prone to
develop catecholamine-resistant hypotension (Clyman et al. 2014). However, I
found that neonates with septic circulatory failure and treatment-resistant
hypotension had increased serum concentrations of precursor steroids proximal to
the 3β-HSD enzymatic step. I propose that reduced 3β-HSD activity may limit
cortisol production in term and late preterm infants with refractory hypotension.
To obtain evidence of other possible alterations in the biosynthesis and
metabolism of adrenal steroids in refractory hypotension, I calculated the ratios of
the key sulfate-conjugated and free steroids. The 17-OH-pregnenolone sulfate/17OH-pregnenolone- and DHEAS/DHEA-ratios were significantly higher in the
therapy-resistant group. These results raise the possibility that there are differences
in the steroid sulfotransferase activity between the study groups. This remains to
be studied further as a possible mechanism of the failure to increase cortisol
production in severe stress.
6.2 Adrenal insufficiency in critically ill neonates with refractory
hypotension and the benefit of using HC in those neonates (II, III, IV)
In the present study, the infants with hypotension resistant to conventional therapy
received intravenous HC that was effective in most cases. This finding is consistent
with the proposal that critically ill neonates with a therapy-resistant decrease in BP
often have functional adrenal insufficiency. These infants had cortisol
concentrations within the normal non-stress range and increased levels of several
adrenal precursor steroids. I also found that during the critical illness, cortisol levels
were significantly lower in the hypotensive infants who died than in those who
survived. This is consistent with the review of Langer et al. (2006).
Previous studies have focused on infants born very preterm. Watterberg et al.
(2001) found that very premature neonates who developed BPD had lower serum
cortisol values than those who did not develop BPD. The authors concluded that
immature neonates have a reduced ability to synthetize cortisol, which may lead to
adrenal insufficiency in the face of serious disease (Watterberg et al. 2001). The
ELBW newborn infants who had a severe disease also maintained a reduced
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response to ACTH stimulation throughout the first month of life (Watterberg et al.
2005). In addition, RAI was reportedly prevalent in newborns with congenital
diaphragmatic hernia (Robertson et al. 2017) and in infants after surgery for
congenital cardiac disease; 20% of infants developed adrenal insufficiency in the
latter group (Maeda et al. 2016).
In previous reports concerning children, the occurrence of adrenal
insufficiency, its diagnostic criteria and treatment have been studied especially in
sick premature newborns (Wittekind et al. 1993; Ng et al. 2001; Heckmann et al.
2005; Martins & Procianoy 2007). The current results with those of Fernandez et
al. (2005) extend these findings of the possibility of RAI to term and late preterm
newborns.
To my surprise, full-term and late preterm neonates with refractory
hypotension had notable increases in some precursor steroids serving as substrates
for the 3β-HSD enzyme needed for the synthesis of glucocorticoids and
biologically active androgens. This supports the possibility that in neonatal patients
low 3β-HSD activity may limit cortisol synthesis. Travers et al. found evidence for
a partial defect in 11-hydroxylase activity in very premature infants at birth (Travers
et al. 2018). Nevertheless, additional evidence for rate-limiting factors of
adrenocortical function in neonates is needed.
I found that DHEA and especially DHEAS accumulated in critically ill
neonates suffering from refractory hypotension. Since the fetal zone has high
steroid sulfotransferase and low 3β-HSD activity, the main steroid products of the
fetal adrenal gland are DHEA and its sulfated form DHEAS, with limited amounts
of cortisol and aldosterone. Fetal adrenal steroidogenesis is mostly programmed to
create biologically inactive androgen precursors (DHEA and DHEAS) for placental
estrogen synthesis (Ishimoto & Jaffe 2011). There is complementary activity in
steroid formation and transformation between the placental and fetal compartments
(Pasqualini 2005).
It is quite possible that adrenal insufficiency in newborn infants is caused by
low ACTH secretion (Fernandez et al. 2008). At birth, there is a sudden cessation
of placental CRH supply. It is possible that the hypothalamus of the neonate fails
to discharge CRH or that the pituitary gland is transiently refractory to lower
concentrations of CRH usually made by the hypothalamus. If the neonate is well,
this short refractory period could be well tolerated; on the other hand, if the infant
is ill, a state of RAI and cardiovascular compromise may ensue (Fernandez et al.
2008). A low threshold for testing the HPA axis and the prescription of
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corticosteroid replacement therapy in acutely ill high-risk newborns was endorsed
(Fernandez et al. 2008).
I found that the administration of HC to critically ill term and late preterm
neonates was successful and 87.5% of the infants with refractory hypotension
survived (III). Similar to these results, Ng et al. (2001) found that HC
administration increased the BP and decreased the need of inotropes in the
hypotensive preterm neonate. Thus, HC therapy is beneficial for severely
hypotensive term and preterm neonates who do not respond to conventional
therapy. The aim is to use the lowest effective HC dose to avoid adverse effects
(Peeples 2017). Additional randomized trials are needed, and the potential
neurological and cognitive consequences remain to be studied.
The evidence for adrenal insufficiency in circulatory collapse during critical
illness of term and late preterm newborns presented here is consistent with another
study. Fernandez and her colleagues reported that the majority of critically ill
newborns had low cortisol levels without the increase in response to critical illness
(Fernandez et al. 2008).
Severe ischemia or hypoxia may result in myocardial dysfunction followed by
cerebral hypo-perfusion and the loss of cerebrovascular autoregulation (Palsdottir
et al. 2007; Akamatsu et al. 2014). In the present study, many sick neonates with
HIE had low serum cortisol, which is consistent with other studies in neonates with
critical hypotension due to HIE (Kovacs et al. 2018) or other causes (Watterberg et
al. 2001; Watterberg et al. 2005; Seri 2006; Ng et al. 2006). A low threshold for
testing the HPA axis and prescription of corticosteroid replacement therapy have
been proposed in multiple diseases regardless of the age of critically ill patients
(Wittekind et al. 1993; Cooper & Stewart 2003; Cooper & Stewart 2007).
6.3

Relative adrenal insufficiency in the newborn is likely transient

The phenomenon of RAI appears to be transient, possibly because neonates
suffering from circulatory failure may have a partial metabolic block that manifests
during severe stress during the first two postnatal weeks. I propose that this
transient condition could be evidence for the delayed maturation of cortisol
synthesis.
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6.4

Critical summary

Although the present research achieved its aims, it has several limitations, as
previously pointed out. In addition, because of limited funding, a follow-up of
patients after the completion of the study could not be performed. Second, the
patients could not be randomized into HC and placebo groups and finally, the
sample size was small. Therefore, additional studies on the indications, dosage,
efficacy, and safety of HC supplementation in full-term and late preterm neonates
with refractory hypotension are still needed. The steroid data are based on analyses
of serum concentrations and they do not accurately reflect the actual steroid
concentrations and their ratios within the adrenal cortex. Therefore, all present
suggestions concerning the enzyme activities within the steroid biosynthetic
pathways must be regarded as tentative.
I found evidence for the deficient stimulation of cortisol synthesis in full-term
and late preterm neonates with severe disease and a persistently low BP, regardless
of the cause. Based on the relatively low serum cortisol and high adrenal precursor
steroid concentration, and the beneficial response to HC administration in infants
with refractory hypotension, I propose that the severe symptoms in these infants
were partly associated with relative insufficiency in cortisol synthesis. Based on
the analysis of the steroid levels in serum I propose that the 3β-HSD activity may
be limited in the affected individuals. In addition, I found a striking increase in the
serum levels of the sulfate-conjugated precursor steroids pregnenolone, 17-OHpregnenolone and DHEA, which could be an alternative or coexisting explanation
for insufficient cortisol synthesis. Finally, I found evidence that this condition was
transitory, and it could be successfully treated by using a short course of
intravenous HC.
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Conclusions
Serum cortisol concentrations did not differ between infected neonates with
and without circulatory collapse, suggesting deficient stimulation of cortisol
synthesis in term- and late preterm infants with severe disease, resulting in low
BP.
Newborn infants with septic shock with refractory hypotension had a marked
increase in precursor steroids before the 3β-HSD step. I propose that in these
infants, the 3β-HSD enzyme may be rate limiting in cortisol synthesis.
In neonates with HIE, cortisol concentrations did not differ between the infants
with and without refractory hypotension. This finding was in contrast to the
expectation that the cortisol concentrations in neonates with serious illnesses
would be increased. On the other hand, the DHEAS concentrations in HIE
neonates with refractory hypotension were higher than in those without
refractory hypotension, which suggests an alteration in DHEAS formation or
metabolism.
Based on the analysis of the blood cortisol and adrenal precursor steroid
concentrations, and the beneficial responses to HC administration, it is
proposed that refractory hypotension in ill newborns may be associated with
relative insufficiency in cortisol synthesis. I further propose that the potential
beneficial effects of HC supplementation in this patient group remain to be
studied further. In addition, a long-term follow-up is required to exclude
potential harmful effects of HC supplementation that may be detected later in
life.
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