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Abstract

Adrenal crises (AC) are life-threatening physiological distur-
bances that occur at a rate of 5-10/100 patient years in pa-
tients with adrenal insufficiency (Al). Despite their serious-
ness, there is a paucity of information on the epidemiology
of AC events in the paediatric population specifically, as
most investigations have focused on Al and ACs in adults.
Improved surveillance of AC-related morbidity and mortality
should improve the delineation of ACrisk overalland among
different subgroups of paediatric patients with Al. Valid inci-
dence measures are essential for this purpose and also for
the evaluation of interventions aimed at reducing adverse
health outcomes from ACs. However, the absence of an
agreed AC definition limits the potential benefit of research
and surveillance in this area. While approaches to the treat-
ment and prevention of ACs have much in common across

the lifespan, there are important differences between chil-
dren and adults with regards to the physiological, psycho-
logical, and social milieu in which these events occur. Educa-
tion is considered to be an essential element of AC preven-
tion but studies have shown that ACs occur even among
well-educated patients, suggesting that new strategies may
be needed. In this review, we examine the current knowl-
edge regarding AC events in children with Al; assess the ex-
isting definitions of an AC and offer a new definition for use
in research and the clinic; and suggest areas for further in-
vestigation that are aimed at reducing the incidence and
health impact of ACs in the paediatric age group.

© 2018 S. Karger AG, Basel

Introduction

An adrenal crisis (AC) is an acute, life-threatening ep-
isode of adrenal insufficiency (AI). These events cause
considerable morbidity and occasional mortality in both
children [1-6] and adults with chronic AI [7-12]. While
the precise incidence of ACs in childhood is unknown,
estimates from data in mainly adult populations indicate
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an approximate frequency of 5-10 ACs/100 patient years
(PY) [13-15]. Despite efforts to reduce their incidence,
ACs continue to occur among patients of all ages with
well-managed AI [13-16].

All children with Al are at risk of an AC during periods
of physiological stress, frequently an intercurrent illness.
When exposed to a stressor, parents must escalate the
dose of glucocorticoid by “stress dosing” and, when nec-
essary, use parenteral hydrocortisone. Other strategies,
such as the use of MedicAlert and informing childcare
providers and schools about AI/AC, are also regarded as
essential elements in AC prevention [2, 13, 15]. Although
these interventions are necessary and almost certainly
lifesaving, education of parents and children about AC
prevention does not appear to be sufficiently effective
[16]. Indeed, prevention of ACs remains a cause of con-
siderable anxiety for some parents.

Progress towards AC event minimization is hampered
by the relative scarcity of data on the epidemiology of
these events in childhood. Prevention has been studied
more extensively in adults and, although there are a num-
ber of differences between adults and children with AI,
some impediments to AC event reduction are shared be-
tween the age groups. These include the absence of a uni-
versally agreed AC definition, an inability to fully under-
stand variations in AC susceptibility, and the apparent
failure of current prevention strategies to reduce the inci-
dence of ACs in treated AI [13, 15]. The aim of this review
is to further the progress of AC prevention in childhood
by examining the epidemiology of ACs in children, offer-
ing a new AC definition for use in paediatric practice,
identifying approaches to improve existing AC preven-
tion strategies, and suggesting areas for targeted research
efforts in the future.

AC Incidence, Morbidity, and Mortality

In the general population, the incidence of ACs in
treated Al is approximately 5-10 events/100 PY. These
episodes are more common in primary AI (PAI) than sec-
ondary Al (SAI) and are associated with a mortality rate
0of 0.5/100 PY [3, 4, 13, 14, 17, 18]. However, with the ex-
ception of one study [3], these estimates were derived
from adult populations or incorporated episodes that oc-
curred during childhood as part of the lifetime experience
of ACs in adults, but did not examine the incidence of
ACs in children specifically. As a consequence, the appli-
cability of these incidence estimations to paediatric pa-
tients is uncertain.
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In the single study that considered ACs in children
with treated Al exclusively, the incidence of these events
was estimated to be 6.5 ACs/100 PY [3]. However, this
measurement was derived from children with congenital
adrenal hyperplasia (CAH) only and may not be transfer-
rable to other forms of Al in childhood. The incidence of
AC episodes has also been examined in children exposed
to inhaled corticosteroid therapy for asthma [19-21]. Al-
though rare, ACs have been shown to occur in this con-
text, affecting 13% of children with symptomatic adrenal
suppression due to inhaled corticosteroid therapy treat-
ment in one Canadian study [21].

Apart from measures of incidence, there is little infor-
mation on the distribution of the AC-related health bur-
den in different subgroups of paediatric patients with
treated AI. One recent study examined hospitalizations in
all children with a principal diagnosis of an AC, reporting
that admissions were higher among females than males
in the age group 1-4 years but that males aged 5-14 years
had higher rates than females [22]. Another study ana-
lyzed episodes of hospitalization in CAH and found that
AC admissions diminished with increasing age through
the childhood years [23], a result that is consistent with
the evidence from previous cohort studies involving CAH
patients 3, 4]. In addition, it has been reported that some
CAH children appear to have a propensity to develop
ACs, experiencing multiple AC events, while others can
be observed for years without an episode [3]. This pattern
has also been found in adults with other types of AI [13,
15, 17].

An increased risk of mortality in patients with AI has
been documented in predominantly adult populations
and some of these deaths were attributed to ACs [5, 7-11].
In the paediatric age group, reports have documented spo-
radic fatalities from ACs and, although these are clearly
important and the deaths should be largely preventable,
they do not enable determination of mortality rates [24-
27]. One study, however, examined mortality in children
with CAH, finding a threefold increase in the standard-
ized mortality rate (SMR) [5]. This study also identified
that the SMR increase was particularly pronounced in the
age group 1-4 years (SMR 18.3), and was higher in females
and those from the Indian subcontinental ethnic group
[5]. An increased mortality rate in children receiving
growth hormone (GH), some of which was attributable to
ACs (possibly related to the known suppression of 11-
beta-hydroxysteroid dehydrogenase type 1 [11BHSD1] by
GH) [28] has also been reported, but the non-specificity
of the studies’ denominator populations precludes deter-
mination of a SAI-specific AC mortality rate [29-31]. In
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addition, it has been documented that some patients in all
age groups present with an AC, which may be fatal, before
an Al diagnosis is confirmed, but the extent to which this
occurs has not been determined [24, 25, 27, 31-36]. It is,
however, reassuring to note that deaths among children in
hospital due to an AC were found to be very uncommon
(<1%) in a recent Australian study [23].

Clinical Factors and Physiology

There is no universally agreed definition of an AC in
paediatrics, although there is general agreement about the
causative pathophysiological mechanisms underpinning
the development of an AC and its indicative symptoms
and signs. These include hypotension, abdominal pain
and vomiting, a reduced level of consciousness, weakness,
and lethargy [1, 2, 13, 15]. A number of biochemical ab-
normalities, including hyponatraemia, hyperkalaemia (in
PAI) and, occasionally, hypercalcaemia may also be found
[13, 15, 37].

Hypoglycaemia is a frequent finding in children with
an AC [13, 38]. This may be associated with seizures,
which are particularly dangerous and may lead to long-
term neurological sequelae and even death [38]. Both hy-
poglycaemia and haemodynamic disturbance may be
more pronounced in the context of acute Al in congenital
conditions, such as CAH, than in other forms of PAI, due
to problems with adrenomedullary development and epi-
nephrine production [2, 39, 40], where the degree of ad-
renomedullary dysfunction correlates with the severity of
the enzyme impairment [2, 39, 40]. Hyperkalaemia may
also be severe and associated with life-threatening cardiac
arrhythmias.

Hyponatraemia is a particular problem in infants and
young children with PAI due to immaturity of the func-
tion of the renal tubules [2]. Indeed, younger patients
with CAH can present with profound hyponatraemia,
which requires careful management of fluid balance to
restore electrolyte levels to normal. Hyponatraemia is
also found in SAI, despite preservation of aldosterone se-
cretion, due to impaired free water clearance occurring in
association with glucocorticoid deficiency. Comorbid di-
abetes insipidus is thought to potentiate the problems of
hypovolaemia and electrolyte disturbances that are asso-
ciated with an AC in SAI, although the degree to which
this increases a patient’s AC risk is unknown and worthy
of further study.

The protocols for AC management are well established
and consist of parenteral administration of hydrocorti-
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sone at high doses (50-100 mg/m? body surface area stat
followed by 50-100 mg/m?/day divided q6h) and fluid
resuscitation (0.9% saline 20 mL/kg, repeated up to a total
of 60 mL/kg) for shock. These doses are based on consen-
sus opinion rather than trial evidence, as are the recom-
mended fluid resuscitation regimens [37]. However, it is
known that hydrocortisone doses in this range will pro-
duce cortisol concentrations within the maximal physi-
ological rather than immunosuppressive level and this
suggests that these doses will be sufficient [41]. Moreover,
these recommendations are supported by clinical experi-
ence from the successful treatment of patients in AC [41].
In addition, in situations where there are severe electro-
lyte abnormalities, specific treatments may be required.
Similarly, hypoglycaemia requires urgent management
with intravenous dextrose.

Definition of an AC in Paediatrics

The pursuit of improved health outcomes in patients
with Al is hindered by the absence of an agreed definition
of an AC. This diminishes the potential impact of AC-
related research and delays progress towards AC preven-
tion in all age groups [13, 15]. Although much of the dis-
cussion regarding the definition of an AC in the literature
has focused on problems defining ACs in adults [13, 15],
the same issues apply in children. Arguably, the develop-
ment of a definition of an AC in the paediatric context
may be more complex, given the changes in physiology
that occur over the childhood years. This is very relevant
to research but is also important clinically, as without a
clear definition, children who are at particular risk of sig-
nificant morbidity and even mortality through repeated
episodes of AC may not be identified.

Several definitions of an AC have been used in previ-
ous studies [5, 15, 16, 42]. Of these, projects that have
analysed aggregated datasets have identified ACs by the
presence of coded diagnoses [43]. According to the Inter-
national Statistical Classification of Diseases and Related
problems (ICD-10-CM), the rubric E27.2 - “Addisonian
or adrenal crisis” (approximate synonym of severe adre-
nal insufficiency) denotes the diagnosis of an AC [43].
The absence of symptom and sign information in this def-
inition means that the occurrence of the code E27.2 in a
dataset represents a range of individual definitions of an
AC applied by multiple doctors in various clinical set-
tings. This situation is made more complex in CAH, as
patients who experience a “salt-wasting crisis” may be
coded as having CAH using the rubric E25.0 “Congenital
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Table 1. Definitions of adrenal crisis in paediatric patients

First author [Ref.], Definition

year

Additional details

Todd [19], 2002

At least one of the following symptoms or signs:

lethargy, nausea or vomiting, diarrhoea, hypotension,
abdominal pain, unexplained hypoglycaemia,

convulsion

In addition to the above, an indication of insufficient

HPA axis function

Goldbloom [21],
2016

An acute critical illness out of proportion in severity Or
to the current illness and manifested by any of the

Symptomatic! adrenal insufficiency with
supportive biochemical evidence

following: hypotension/shock, decreased level of
consciousness/lethargy, unexplained hypoglycaemia

or hyponatraemia, seizure, death

Odenwald [3],
2016

Dehydration, hypotension, salt-wasting
(hyponatremia and hyperkalaemia),
hypoglycaemia, or altered mental status

Adrenal crises may present with
weakness, vomiting, abdominal pain,

or confusion and may cause shock, coma,
and death if untreated

Park [1], 2016 Characteristic features of hypoglycaemia,

hypotension, collapse, and coma

Hsieh [44], 2011

Hypotension, salt-craving, hyperpigmentation,

weight loss, and nausea/vomiting/abdominal pain

! Signs/symptoms could include anorexia, weakness, fatigue, lethargy, fever, gastrointestinal symptoms (nausea, vomiting, constipa-
tion, diarrhoea, abdominal pain), morning headache, hypoglycaemia, myalgia, arthralgia, psychiatric symptoms and growth failure.

adrenogenital disorders associated with enzyme deficien-
cy” (applicable to: CAH, 21-hydroxylase deficiency, salt-
losing CAH) which is also used to denote patients admit-
ted for management of milder illness related to CAH, po-
tentially affecting AC estimations in this subgroup. While
this is particularly problematic in CAH due to its use of
disease-specific terminology, it is also possible that simi-
lar approaches to coding may be used in the other sub-
types of AL

Research projects using other methods, including sur-
veys or cohort studies using samples of patients [5, 16, 42,
44], usually define ACs according to preset study criteria,
which may or may not be detailed in the text. Some stud-
ies, for example, have identified acute episodes of Al-re-
lated illness as ACs (or “salt-wasting crises”) or “urgent
hospitalizations” [16, 42], while others have given more
detailed descriptions (Table 1). While each definition
may suit the particular purposes of a study, substantial
differences between definitions impede synthesis of data
on the incidence of ACs in Al and its subtypes.

Previously, we have addressed the definition of AC in
adults [15]. In that review, we recommended that hypo-
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tension (either absolute or relative) was a necessary fea-
ture of an AC, and that this must be accompanied by a
clear resolution of symptoms following the administra-
tion of intravenous glucocorticoids [15]. We suggest that
this definition may be generally applicable to older chil-
dren and adolescents but in younger children and infants,
in particular, hypotension may not be detected in the con-
text of an AC, lowering the sensitivity of this criterion
(increasing the number of false negatives) for an AC di-
agnosis. Other signs indicative of haemodynamic com-
promise, such as delayed capillary return and sinus tachy-
cardia, may be present but these do not necessarily have
the sensitivity and specificity to contribute to a robust
definition of an AC in this age group.

Given these considerations, we suggest that an AC in
children should be defined as an acute deterioration in
health that is associated with haemodynamic disturbance
(hypotension/sinus tachycardia relative to age-related
normal levels/or delayed central capillary refill time [>3 s])
or a marked abnormality in at least one electrolyte (hypo-
natraemia, hyperkalaemia) or hypoglycaemia, which can-
not be attributable to another illness (Table 2). Unlike the
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Table 2. New definition of an adrenal crisis in paediatric patients

Text

An acute deterioration in health that is associated with acute
haemodynamic disturbance (hypotension or sinus tachycardia
relative to age-related normal levels) or a marked abnormality in
one or more electrolytes (hyponatraemia, hyperkalaemia) or
hypoglycaemia that is not attributable to another illness, the
features of which show significant resolution following
parenteral glucocorticoid administration

Added details

Frequent concomitant features include acute abdominal
symptoms, altered levels of consciousness/obtundation; nausea/
vomiting; abdominal pain; poor feeding (in infants); pyrexia
Consideration of the effects of incidental illness as causes of the
major features, in particular shock, improves the specificity of
diagnosis

previous definitions used in paediatrics, the second es-
sential component of this definition is that a clear resolu-
tion of the major features of the episode is observed fol-
lowing the administration of parenteral (most often in-
travenous) hydrocortisone (Table 2). In addition, we
suggest that patients with CAH fitting the above criteria
be classified as having an AC (E27.2), with CAH recorded
as a comorbid (underlying) diagnosis, and that the term
“salt-wasting crisis” be avoided.

Where patients have symptoms of Al but without the
severe physiological manifestations of an AC, the diag-
nostic term “symptomatic AI” is recommended [15].
These patients with Al are unwell but are not suffering an
AC and are often admitted to hospital for treatment of
milder symptoms, such as postural dizziness, nausea and
abdominal discomfort or lassitude and poor feeding in
younger patients [15]. These children may have a princi-
pal diagnosis of Al and there may often be a concurrent
illness, frequently a viral infection [23].

Risk Factors

Although all patients with AT are at risk of developing
an AC when exposed to a physiological stressor, such as
an illness or injury, the propensity to develop an AC does
not appear to be uniform across all children with AI or
even between children within the specific Al subtypes [2,
3, 16]. It has been shown in a number of studies that AC
events are more common in younger children with CAH
than among older children and adolescents [4, 23, 45].
Moreover, in children with CAH, there is evidence docu-
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menting an increased risk of hospitalization among those
with the more severe salt-wasting phenotypes (as mea-
sured by the dose of fludrocortisone) [45]. Disparities be-
tween the sexes in AC incidence have also been found and
these have been shown to vary by age [22]. These may be
due to differences in the distribution of underlying sub-
types of Al between the sexes, such as an increased inci-
dence of acquired hypopituitarism from acquired brain
injury in males [46, 47]. Alternatively, they may be due to
physiological differences between males and females that
are related to age [39] or possibly differences in the dos-
ages of glucocorticoid replacement therapy between the
sex and age groups, particularly in children with CAH.
These variations are important but largely unexplained
and are, therefore, worthy of further investigation.

Even within different subtypes of Al the risk of expe-
riencing an AC episode is not equally distributed among
patients [3, 14-16, 48]. Patients with type 1 diabetes mel-
litus and PAI, for example, have an increased AC inci-
dence relative to other AI patients [48]. Evidence also
suggests that there are subgroups of patients in both the
adult and paediatric age groups who have an increased
propensity for ACs, having multiple episodes, while oth-
er patients may not have any events over an extended pe-
riod of time [3, 14, 16, 48]. The characteristics of these
patients at particular AC risk are not well defined and the
reasons for this variability are uncertain and merit further
research.

Psychosocial factors may also modify the baseline AC
risk, particularly during adolescence when patients move
away from parental oversight of their treatment towards
self-management [49, 50]. Problems relating to compli-
ance with routine glucocorticoid replacement, encom-
passing missed and late doses of replacement therapies,
and failure to implement stress protocols appropriately
may also increase the risk of an AC [16]. Moreover, al-
terations in cortisol pharmacokinetics, which cause an
increased clearance and distribution volume but without
any change in the cortisol half-life that have been demon-
strated during the pubertal period, further complicate
management in this age group [51]. It is also possible that
variations in 11BHSD1 function determined by genetic
or other factors contribute to the development of an AC
under certain conditions, such as for example treatment
with GH [28]. The development of a more nuanced un-
derstanding of AC incidence in relation to social, demo-
graphic, physiological, genetic, and compliance factors
may assist in identifying at-risk patients with greater ac-
curacy, potentially leading to a reduction in AC incidence
in this age group.
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Treatment-related factors may also modify AC risk
overall or within patient subgroups. In adults, there have
been suggestions that the trend towards provision of
lower dose, short-acting glucocorticoid replacement
therapy may be associated with an increased risk of AC
in treated AI, and that geographic variations in AC inci-
dence may be related to underlying treatment differenc-
es [52, 53]. This phenomenon has not been fully investi-
gated in the paediatric population but doing so may be
of benefit.

Precipitating Factors

A range of factors can precipitate an AC, but the most
commonly occurring of these is an infection [13, 15, 17,
54]. The majority of infections in children are viral, which
is in contrast to the predominance of bacterial infections
in adults [23, 54, 55]. Viral infections, particularly in
younger children, are often associated with fever and an-
orexia, with or without vomiting, which can reduce a pa-
tient’s ability to take oral replacement therapy.

In both adults [15] and children, an infection is a par-
ticularly potent AC precipitant. This is because immuno-
modulation is partly controlled by cortisol and, in an en-
vironment of insufficient circulating cortisol, excess pro-
inflammatory cytokines in the circulation can lead to the
development of uncontrolled inflammation, vasodilata-
tion, impaired cardiac function, and shock [15, 56, 57].
The absence of the facilitating role of cortisol on catechol-
amine action on the cardiovascular system, leads to am-
plification of these effects [58]. Gastroenteritis is a com-
mon infective AC precipitant, and is particularly hazard-
ous in Al, especially in very young children, because
vomiting and diarrhoea interfere with absorption of oral
glucocorticoids, in addition to causing dehydration and
electrolyte abnormalities [13, 15, 17].

A number of other factors may act as precipitants of
an AC in children. These can include the abrupt with-
drawal of glucocorticoid therapy, including inhaled cor-
ticosteroid therapy, which may be deliberate or inadver-
tent. Failure to provide appropriate glucocorticoid cover
for a surgical procedure is another preventable cause of
an AC in treated Al, a phenomenon that has been docu-
mented in case reports on adult patients [17, 59]. Delays
in providing stress doses of glucocorticoid have also been
suggested as a cause of poor outcomes in AI [13, 16], and
death in this context has been reported [7, 26].
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Prevention

The cornerstone of AC prevention is the institution of
a protocol of escalating doses of glucocorticoid (“stress
dosing”) in the event of an intercurrent illness or injury,
when the requirement for cortisol is greater than that in
the circulation [1, 6, 13, 15]. All parents and older chil-
dren should be educated about the need for stress dosing.
In addition, patients and their families should be given
written instructions about AC prevention and manage-
ment for themselves, for their childcare centre or school,
and for healthcare staff.

Despite the implementation of these strategies, there is
evidence to indicate that education of patients is not suf-
ficient to avert some episodes of AC [13, 14, 16], and that
even well-educated patients and parents can have diffi-
culties applying the schedule of escalating glucocorticoid
doses, sometimes with fatal outcomes [5, 7]. While oral
stress dosing is often administered, transferring to intra-
muscular glucocorticoids when oral therapy is unable to
be taken or absorbed, or has not been effective in relieving
symptoms of acute Al, is difficult for many patients and
their families [16]. One potential solution to this problem
that has been investigated in adults is the subcutaneous
administration of hydrocortisone [60, 61]. Studies have
demonstrated that hydrocortisone given subcutaneously
is absorbed within a suitable time frame for management
of an acute episode in adults who are not obese and are
not in active shock, and that this form of administration
is regarded by many patients as a more acceptable option
than intramuscular injection [60, 61]. Although its use in
the paediatric age group has not been investigated, it may
be of benefit to some paediatric patients, should its safety
and efficacy be demonstrated. Alternatively, rectal hydro-
cortisone suppositories may be used in illness episodes
where there is no diarrhoea, and many parents regard this
as being preferable to giving an intramuscular injection
[62, 63]. In addition, the identification of children at risk
of repeated episodes of AC manifest by hypoglycaemia as
the main or only feature of the AC may prevent the de-
velopment of adverse neurological sequelae or even mor-
tality from hypoglycaemic seizures [13]. In clinical prac-
tice, the provision of glucometers for home use and glu-
cagon for injection has been used for this purpose.

AC prevention and management is a source of anxiety
for patients and their families. This may be reflected in
unnecessary presentations for medical care or, alterna-
tively, it may result in failure to take appropriate action in
situations where oral stress dosing or administration of
parenteral glucocorticoid is required [7, 16]. It is also of
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concern to note that a proportion of all ACs appear not
to be preventable [13, 16], evolving so rapidly that stress
dosing is not effective [13, 64]. In addition, some ACs
have no obvious precipitant [13, 16, 17].

Epidemiological Considerations

In children, AI is a rare disorder and AC events are
even more rare. While this situation presents a number of
challenges, it does not obviate the need to pursue im-
proved health outcomes for patients with all forms of Al
Indeed, monitoring AC incidence on a population basis
is necessary for ongoing evaluation of the welfare of pa-
tients, as small changes in health outcomes for rare ill-
nesses are unlikely to be detected in a clinical setting.

Surveillance of population-based data on AI and AC
can provide information on trends in underlying disease
or changes in outcomes (morbidity or mortality) over
time and between patient subgroups. These may provide
evidence of the health effects of modifications to treat-
ment or other unrelated factors, such as the unexpected
health consequences of disruptions to the supply of med-
ications [52, 53, 65]. Accurate measures of incidence,
however, need to be based on consistently applied AC and
Al definitions. Potential indicators for surveillance pur-
poses may include the incidence of underlying diseases,
AC event rates or, alternatively, a calculated indicator
such as an AC/Al ratio, which may act as a more sensitive
indicator of health outcomes [15].

Disease registers or aggregated databases, such as hos-
pital admission datasets, are possible sources of AC/AI
surveillance data. Regional (state or national) disease-
specific registers are particularly useful, as these allow for
aggregation of data across geographic areas and time,
thereby increasing the study population when the sample
size for individual regions, years, or rare subtypes of Al
may be too small for a meaningful analysis. However,
morbidity data have some limitations, including the like-
lihood of measurement error due to the potential misclas-
sification of cases of AC as Al (false negatives) or of less
severe episodes of an Al-related illness as AC (false posi-
tives). Routinely collected mortality data are another po-
tential source of information on the occurrence of AC-
related mortality in children, but these may be affected by
unreliability in the identification of AI/AC as a cause of
death [7].

Alternatively, detailed data can be collected on patient
outcomes by analysis of data on a sample of patients (of-
ten from a hospital or a clinic) in a cohort study. These

Adrenal Crisis in Children

are usually retrospective in design and can provide de-
tailed information on AC events, clinical management,
risk factors, and precipitants. However, the retrospective
nature of these designs means that much of the data col-
lected is not contemporaneous and may be affected by
measurement error. This is particularly the case when pa-
tient or parent reports of AC events are used as outcome
measures, unless these are validated through a review of
medical records [15]. Also, studies utilising samples from
a circumscribed group of patients, such as from a tertiary
hospital clinic [16], may be affected by selection bias and
have limited generalizability.

Record linkage studies are particularly useful in the
context of AC/AI research, as they can provide unbiased
longitudinal data on individual patients. These may use
information from screening programs, hospital morbid-
ity data, or data from specific disease registries or clinic
samples, providing there are patient identifiers (such as
date of birth) that are common to all datasets. In countries
that operate a newborn screening program for CAH or
have a national disease register, data can be linked to mor-
bidity and mortality datasets and analyzed progressively,
providing information on a wide range of outcomes [7,
66-69]. These can also be combined with other data
sources, such as stored pharmaceutical prescription data,
which can act as proxies for underlying diagnoses or even
act as indices of severity [45].

Data analyses that examine patterns of incidence or
other outcomes in subgroups, based on age, sex, type of
Al are also of value. Stratification assists in identifying
whether changes in incidence are widespread or confined
to certain subgroups. This approach can also address the
potential confounding effects of physiological differences
or other factors that are associated with age and sex [22].

Future Research Directions

Progress in AC prevention in children has been hin-
dered by the absence of a coordinated approach to re-
search into AI/AC. Given the rarity of AC events in this
age group, development of collaborative research projects
across groups and internationally may be particularly
beneficial. Use of aggregated population-based datasets
can enable the determination of incidence and AC risk
across all forms of Al as well as within Al subtypes. While
such data are important for surveillance, we suggest that
there also should be greater emphasis placed on the de-
velopment of research programs aimed at identifying fac-
tors that increase or ameliorate AC risk in the paediatric
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population specifically. It is especially important that a
prospective, observational study of AC/AI presentations
in children with established chronic PAI or SAI be con-
ducted. Within this framework, a comprehensive investi-
gation into variations in the propensity to develop an AC
between different children with AI may uncover other
factors that influence the risk of AC. Together with a doc-
umentation of the social and psychological factors in af-
fected children, a more precise investigation into the
pathophysiology of AC events could be undertaken by the
measurement of cortisol, electrolytes, catecholamine, and
inflammatory cytokine levels. Such examination would
enhance the understanding of AC events in this age
group.

There are many other issues relating to AC physiology
in children that are not yet understood. A more compre-
hensive understanding of the physiological response to
infection is a necessary element in achieving progress. As
has been described previously [15], augmentation of the
delivery of cortisol to inflamed tissue is believed to be as
a result of a combination of inflammatory cytokine in-
duced HPA axis activation, in combination with rapid
cleavage of corticosteroid-binding globulin (CBG) by tis-
sue elastases [70]. An increase in the secretion of cortisol
and a diminution in CBG production occur early in this
process [71]. The consequent depletion of circulating
CBG may contribute to an insufficient supply of cortisol
to inflamed tissues, leading to increased tissue damage, as
cellular processes become overwhelmed by unrestrained
activation of NF-kB [70]. However, as has been noted
previously [15], the relative contribution of these process-
es to AC initiation has not been assessed and research to
ascertain the levels of cytokine, CBG, circulating hydro-
cortisone, and catecholamine levels at the time of AC
presentation, along with relevant inflammatory markers
is required. Likewise, the relative contribution of
11BHSD1’s conversion of the inactive cortisone to corti-
sol to the development of ACs in children (and adults) is
unknown: 11BHSD1 is very sensitive to GH and other
hormonal and non-hormonal factors and as much as
one-third of the circulating active cortisol may be derived
at times from cortisone. It is possible that genetic variants
and environmental factors affecting 11BHSD1 function
have a significant effect on the incidence of ACs [28, 72].

Cortisol is involved in catalyzing the conversion of
adrenomedullary noradrenaline to adrenaline via the
phenylethanolamine N-methyltransferase enzyme, the
levels of which are known to be low in AI [73]. Moreover,
as a minimal level of cortisol is required for adrenomed-
ullary organogenesis, the effect of the loss of this conver-
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sion may be more severe in congenital forms of Al such
as CAH [39, 40]. The tendency to vascular collapse in Al
may also be a result of insufficient levels of circulating
adrenaline, although the relative role of both adrenaline
and noradrenaline in the commencement and progres-
sion of an AC is uncertain. It is also not known whether
an AC event occurs in the context of a complete or relative
deficiency of circulating glucocorticoid, where relative
deficiency implies that the level of circulating glucocorti-
coid is lower than the concentration that is required for
the degree of physiological stress imposed by an illness.
These matters are of great importance and the pursuit of
AC prevention would be enhanced by further research in
this area.

The cellular pathophysiology of ACs is likely to be
complex and diverse, in that both the severity and dura-
tion of glucocorticoid deficiency are likely to influence
the derangement of cellular pathways, as does the under-
lying cause of the AC, such as infection, which may lead
to greater cellular consequence from unrestrained NF-kB
activity. Other cellular pathways, such as formation of
cortisol from the inactive cortisone (mediated by
11BHSDI1 as detailed above), expression of the GR and its
interaction with chaperone proteins and transcription
factors, as well as transport of cortisol to the cell surface
by CBG and through the cell membrane, may also play a
role in the genesis or compensation for the clinical state
of glucocorticoid deficiency, although these have not
been specifically studied in states approximating AC, to
date.

The interrelationship between Al and glucose metabo-
lism is another important area of investigation, particu-
larly in children. Previous research has demonstrated that
morning glucose levels are lower in adult Al patients [39,
74, 75], and that occult nocturnal hypoglycaemia can oc-
cur among adults with AI [76, 77]. As we have described
previously [15], the underlying mechanism for this is
likely to involve reduced nocturnal gluconeogenesis dur-
ing an overnight fast, a process that is partially dependent
on glucocorticoids. Sympathoneural responses may be-
come impaired in Al patients with recurrent nocturnal
hypoglycaemia and this may increase the predilection to,
or severity of, AC events. While this research was con-
ducted in adult patients, it is likely that it is also a feature
in the paediatric population. For this reason, it would be
valuable to assess the frequency of hypoglycaemic events
in those children who experience frequent ACs, as one
important element of an investigation into the factors un-
derlying some patients’ apparent predisposition to ACs.
As recurrent hypoglycaemia can be a problem in some
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children, further efforts are needed to identify effective
preventive and management strategies to address this se-
rious complication.

Social and psychological factors, in addition to prob-
lems with access to health services, are also important fea-
tures in the occurrence of some AC events and, therefore,
in the pursuit of AC event reduction. Problems in these
areas may be a factor in isolated AC events, but they may
have a greater influence on the phenomenon of recurrent
AC episodes in some children. Impediments to the use of
stress dosing and especially to any failure on the part of
parents or caregivers to move from oral stress dosing to
parenteral therapy also need further investigation. Pro-
viding the safety and efficacy of subcutaneous adminis-
tration of hydrocortisone can be established in the paedi-
atric population, the effectiveness of this mode of admin-
istration of hydrocortisone by parents and caregivers at
home should be assessed as its use may be of benefit to
patients. Where treatments are evolving, such as the in-
troduction of modified release preparations of hydrocor-
tisone, these need assessment in paediatric populations
specifically.

Conclusions
AC events cause significant morbidity and mortality in

childhood, but the paucity of available information on the
epidemiology of AC in the paediatric age group specifi-
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