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Summary

Congenital adrenal hyperplasia (CAH) representsoamof autosomal recessives conditions
leading to glucocorticoid deficiency. CAH is the shaommon cause of adrenal insufficiency
(Al) in the paediatric population. The majority e other forms of primary and secondary
adrenal insufficiency are rare conditions. It igical to establish the underlying aetiology of
each specific condition as a wide range of addiionealth problems specific to the
underlying disorder can be found. Following theraduction of life-saving glucocorticoid
replacement sixty years ago, steroid hormone replaat regimes have been refined leading
to significant reductions in glucocorticoid dose®iothe last two decades. These adjustments
are made with the aim both of improving the currev@nagement of children and young
persons and of reducing future health problemsluitdife. However despite optimisation of
existing glucocorticoid replacement regimens faihtimic the physiologic circadian rhythm
of glucocorticoid secretion, current efforts theref focus on optimising replacement
strategies. In addition, in recent years novel erpental therapies been developed which
target adrenal sex steroid synthesis in patients ®AH aiming to reduce co-morbidities
associated with sex steroid excess. These devetdpmell hopefully improve the health
status and long-term outcomes in patients with eaitgl adrenal hyperplasia and adrenal

insufficiency.



Adrenal steroidogenesis

The cells forming the adrenal cortex originate frahe intermediate mesoderm and
differentiate under the influence of various traion factors during pregnancy and
postnatal life. During foetal life and up to 12 nfwof age, two distinct zones are evident, an
inner prominent foetal zone and an outer definitrame that differentiates into the adult
adrenal gland. After birth, the fetal zone regresmad the definitive zone, which contains an
inner zona fasciculata and an outer zona glomeayleoliferates. The innermost zone, the
zona reticularis, becomes evident after 2 yeardfeof These form three major functionally
distinct parts of the adrenal cortex: the outer azoglomerulosa synthesizes
mineralocorticoids, the middle zona fasciculatadpies glucocorticoids, and the inner zona
reticularis synthesises the androgen precursorsyddedpiandrosterone (DHEA) and
androstenedione.

Glucocorticoid synthesis is negatively controlled éofeedback loop via the hypothalamus-
pituitary-adrenal axis. A variety of central stimigad to the circadian and stress related
secretion of corticotropin-releasing hormone stamting the cleavage of polypeptide
proopiomelanocortin (POMC) by prohormone convertdses results in adrenocorticotropic
hormone (ACTH) release from corticotroph cells loé &anterior pituitary. ACTH is the key
regulator of cortisol synthesis and has additietalrt-term effects on mineralocorticoid and
adrenal androgen synthesis (1).

ACTH binds to its adrenal receptor (melanocorticepgor 2, MC2R) and stimulates the rapid
import of cholesterol into the mitochondrion by rsidogenic acute regulatory protein
(StAR). In parallel, the transcription of steroigmic genes@GYP11A1, HSD3B2, CYP17A1,
CYP21A2, CYP11Bl1l) and co-factors relevant to glucocorticoid synihescreases.
Corticotropin-releasing hormone and subsequentlyfiA@re released in a pulsatile fashion.

Following the pattern of ACTH secretion, adrenaltisol secretion exhibits a distinct



circadian rhythm, with peak concentrations in themmng and low concentrations in the late
evening hours (2).

Mineralocorticoid synthesis is mainly controlled liye renin-angiotensin-system and a
potassium feedback loop. Renin secretion from émalrjuxtaglomerular cells are stimulated
by a variety of factors with renal arterial perfusi(closely correlating with renal arterial
pressure) being the most important regulator. Naheerine conditions affecting renal blood
flow have significant pathophysiologic consequengesthe renin-angiotensin-system. The
rate limiting step of the renin-angiotensin-sysierthe secretion of renin. Angiotensinogen is
converted by renin to angiotensin |, which itsedf donverted by angiotensin converting
enzyme to Angiotensin Il, a potent stimulator afcgterone synthesis and secretion (2).

The distinct regulation of glucocorticoid and miaecorticoid biosynthesis has important
clinical consequences for the differential diagaaaid management of adrenal insufficiency
(Al). Secondary Al manifests with isolated glucdemid deficiency, whereas most classic
forms of primary adrenal insufficiency (PAI) havegrss and symptoms of combined
glucocorticoid and mineralocorticoid deficiency.a€sic familial glucocorticoid deficiency
characterised by unresponsiveness of the adreeC1dH leading to isolated glucocorticoid

deficiency represents an exception.

Clinical Presentation

The epidemiology of Al in children and adolesceigtsdifferent to the situation during
adulthood. The majority of cases in paediatrics @itber due to genetic causes, most
commonly due to congenital adrenal hyperplasia (A group of recessively inherited
disorders of adrenal steroid biosynthesis leadiagvariable degree of glucocorticoid
deficiency or caused by iatrogenic treatment. Seapn Al is most frequently due to

discontinuation of glucocorticoids or to stressidgrtreatment with suppressive doses of
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glucocorticoids for a variety of disorders. Autoimne adrenalitis as commonly seen in
adults is rare in childhood, with the prevalencé/amcreasing during the second half of the

second decade of life (3).

The clinical presentation of Al is non-specific erftleading to a delay in establishing the
diagnosis. The onset and severity of Al is variahlel age dependent according to the
underlying diagnosis. Clinical signs and symptorhgrmary Al are characterised by the
loss of both glucocorticoid and mineralocorticohthesis whereas secondary Al manifests
with isolated glucocorticoid deficiency as the amwheitself is intact and mineralocorticoid

synthesis and regulation is therefore unaffeciable 1).

The main cause of primary Al in childhood is CAHjieh occurs with an incidence of about
1:10,000 to 1:15,000 live births in most populasigd). Depending on the deficiency within
the steroidogenic pathway different constellatiohsadditional steroid hormone deficiencies
and excess can be observé@dlfle 2). Variants of CAH in which androgen excess is & ke
feature, include 21-hydroxylase (CYP21A2), piiydroxylase (CYP11B1) and B3

hydroxysteroid dehydrogenase type 2 (HSD3B2) dafidies. Types of CAH associated with
sex steroid deficiency and Al, include deficiencidssteroidogenic acute regulatory protein
(StaR), P450 side-chain cleavage enzyme (CYP1133-hydroxysteroid dehydrogenase
type 2 (HSD3B2), la-hydroxylase (CYP17Al), and P450 oxidoreductaseRPQVhen

making the diagnosis of CAH knowing the genetiaahegly enables the physician to tailor
treatment accordingly. The most common CAH fornRisOHD) caused by mutations in the
CYP21A2 gene. Thus, the principle focus of this reviewthsrefore the management of

patients with 210HD.

Steroid 21-hydroxylase facilitates the conversioh X¥-hydroxyprogesterone to 11-

deoxycortisol, and progesterone to deoxycorticosierrespective precursors for cortisol and



aldosterone (5). Approximately 75% of cases of 2DC0#te unable to synthesize sufficient
aldosterone and suffer from clinically apparentatesalt loss (6). Impaired cortisol
biosynthesis leads to reduced negative feedbacartsathe hypothalamus and pituitary and
results in increased corticotropin releasing horenf€RH) and adrenocorticotrophic
hormone (ACTH) secretion. Elevated CRH and ACTH cemtrations stimulate adrenal
hyperplasia and a rise in adrenal androgen praolu¢@). The clinical consequences of CAH
therefore result from cortisol and aldosterone fingency and from sex steroid excess.
Medical treatment aims to replace the deficienttmres and to limit exposure to androgen
excess. Individuals affected by CAH require lifedooare. During childhood the aims of
treatment are to prevent adrenal crisis, supp@tfamily with decisions regarding gender
assignment, optimise linear growth, body compasjticardiovascular and bone health and

ensure normal progression through puberty.

Diagnosis

The most appropriate diagnostic workup in a chiespnting with symptoms suggestive of a
diagnosis of Al in childhood will be dictated byetrage of the child and their clinical
presentation. CAH is the commonest form of primadyenal insufficiency in infants and
children, being identified most commonly in the natal period. From school age onwards
Al due to X-linked adrenoleukodystrophy becomes en@ommon with autoimmune
adrenalitis presenting towards the end of the stawmctade of life. There is, however, no
clear age limit and non-classic and late-onset $oofrcongenital conditions might have to be
considered throughout life in unexplained casethdkough clinical assessment is required in
all children and adolescents presenting with smd$ symptoms suggestive of Al, as other

endocrine systems including the hypothalamus, taityliand gonad as well as other organ



systems might be affected. It is important to rexog that Al represents one component of a
specific condition, the underlying aetiology of whiis important to identify as it can be
associated with other significant health problethss key in the diagnostic work-up to

establish if the adrenal insufficiency is of prim#fable 3) or secondary originf{able 4)

Congenital Adrenal Hyperplasia diagnostic pathway

A wide range of clinical manifestations of 21-hyxlytase deficiency exists and these can be
described as a disease continuum. About two-tlofdsatients with 210HD have clinically
significant aldosterone deficiency leading to reset loss in addition to cortisol deficiency.
In utero cortisol deficiency stimulates ACTH protan, which leads to accumulation of
steroid precursors and adrenal androgens. Whimetlfe infants with a severe enzymatic
defect therefore frequently present early in thenag¢al period with ambiguous genitalia,
male infants appear normal and are thus more diffio diagnose. Many countries have
therefore implemented newborn screening programsngi to reduce the morbidity and
mortality associated with a delayed diagnosis ofHCAcreening programs measure 17-
hydroxyprogesterone (170HP) in filter paper bloqubts obtained by a heel puncture
between 2 and 4 days after birth (7). However duedncerns regarding the high false
positive rate associated with the existing scregt@st not all countries have added 170HP
into their screening programs, and in these regitbasdiagnosis needs to be pursued in all

infants in whom there are clinical concerns.

The diagnostic pathway for virilised females, mostnmonly identified soon after birth
before life-threatening salt-loss manifests, idioet in the Chicago consensus statement (8).
In all children presenting with ambiguous genitatiged less than 3 days of life rapid

fluorescencean-situ hybridisation for sex-determining region of theckfromosome (SRY)



should be performed. The diagnosis in boys is Wgually established once the patient
clinically presents with salt-loss. Salt-wastingsll be suspected in infants presenting with
poor feeding, vomiting, failure to thrive, lethargnd sepsis like symptoms. The crisis can
quickly deteriorate and lead to life-threateningp@nyolaemic shock and consequently death.
In all children presenting clinically with featureaggestive of a diagnosis of CAH after day
3 of life plasma 170HP, 11-deoxycortisol, and astknedione concentrations should be
measured (9). Urinary steroid profile analysislsan extremely helpful non-invasive test.
A urine steroid profile can be performed on a spabe sample and provides additional
diagnostic evidence for CAH and helps to differatibetween the different forms of CAH
(10,11). Children without significant salt-loss mayesent later in life with signs of
precocious pseudo-puberty including premature adobe/ pubarche, acne, genital
hyperpigmentation, growth acceleration, and adwhnbene age. Most males have a
testicular volume in the pre-pubertal range. Howe@AH should be ruled out during the
baseline assessment of patients with larger téatigolumes as secondary central precocious
puberty might have already developed. In later l|dene, hirsutism, amenorrhea,
oligomenorrhea and infertility are frequent featumdon-classic 210HD is the most common
specific cause in women presenting with androgecegx (12). The percentage of
undiagnosed patients, in particular males, remaimsiown and individuals are regularly
diagnosed during family studies. A short synacttest can be helpful to identify patients
non-classic with borderline 170HP concentrations.s@me patients with non-classic CAH
are at risk to have partial glucocorticoid defi@grthe SST is useful to assess the stress

response in patients with non-classic CAH (13).

Once a biochemical diagnosis of CAH has been ashedal this should be confirmed by
molecular genetic analysis in a certified labonatoAs the data regarding genotype-

phenotype correlations increases (14) the argurnieit genotyping should be performed



early as part of routine clinical care strengthefsis provides information on severity of
clinical disease expression and aids possible gules¢ discussion on future antenatal
diagnosis, treatment and family planning (15). Realaly, in adults with CAH health

outcomes might not be associated with the genatyggesting that potential health problems

are acquired rather than genetically determinedl (16

Psychology support is often required to help thailia adjust to the diagnosis. Input from
paediatric urologists and/or gynaecologists expegd in the management of patients with
CAH may also be required in cases where theregsifgiant virilisation of the external
genitalia. Decision making around surgical proceduand their timing should be between
the multi-disciplinary team and the family (17).r@ler assignment is not regarded a common

issue in patients with CAH.

Primary Adrenal Insufficiency due to other causes: diagnostic pathway

Primary Al due to autoimmune adrenalitis or Addisodisease usually presents later in
childhood in children with nonspecific symptoms luding; fatigue, weight loss and
hypotension. Importantly whilst 80% of patients twiprimary Al are hyponatraemic at
diagnosis only 40% might have hyperkalaemia. Hyjgengntation is also not consistently
associated with a diagnosis of Addisons diseasehildren (18). Other rarer syndromes
associated with primary adrenal failure in childieolude adrenoleukodystrophy, Wolman
disease, Triple A syndrome and Zellweger disea8g (i children the short synacthen test is
used to diagnose glucocorticoid deficiency, withdam cortisol measurements being of little
value. Whilst the exact cut-off is dependent onltoal cortisol assay used, most centres use
a cut-off for failure as below 500-550 nmol/L (18-gg/dL) 30 to 60 minutes aftep, ACTH

stimulation (3). The measurement of ACTH and reemables differentiation between



primary and secondary adrenal failure. If the chisituation permits bloods for all these
parameters should be taken before initiation ofa@gnent therapy. In addition, we advocate
storage of spot urine and plasma/ serum samplaBow establishing a specific differential

diagnosis. Adrenal autoantibodies and very longirctatty acids (VLCFA) need to be

included in the diagnostic work-up. With improveeichinologies for molecular genetic
analysis using next generation sequencing appreaaghe the increasing evidence of non-
classic presentations of various forms of adremsdifficiency, we predict an increasing use

of these tests as part of the diagnostic pathway.

Treatment

Once the diagnosis of adrenal insufficiency hasnbestablished hydrocortisone is the
recommended therapy for glucocorticoid replacenrechildhood. During the first 6 months
of life infants with a diagnosis of adrenal insai#incy need to have growth and development
monitored 6-weekly. This age group is at partidylargh risk of inter-current infections, and
mortality, in the main, due to inadequate increasds/drocortisone therapy during episodes
of inter-current iliness. Limited data on mortalgyggest that mortality in the first 6 months
of life in children with Al is 19 times that exped (20). After 6-months of age reviews
should be performed at 3-monthly intervals unéihgition to adult care. Particular care to the
dosing regimen is required during puberty to keapepwith changes in glucocorticoid needs
(9,21). In CAH the initiation of medication and tpeotocol for monitoring to detect early

salt loss are outlined below.

Multi-disciplinary team
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Adrenal insufficiency is a chronic life-long illngs which requires not only hormone
replacement but also ongoing support to the patwt their family supporting them to
engage with and manage their condition. Educatr@hteaining about Al is an integral part
of clinical care and the patient and the family éféa from a multi-disciplinary team around
the patient and the child. This team should beotadl to the underlying aetiology and is
commonly composed of paediatric endocrinologigtecrlist nurses, paediatric urologists,

psychologists, clinical geneticists and biochem(28.

Mineralocorticoid replacement

The renin-angiotensin-aldosterone system is adbiyel6 weeks of gestational age (23).
Aldosterone is synthesized in the zona glomerutdghe adrenal cortex under the regulation
of serum potassium and angiotensin I, with ACTH/ihg only a short-term effect (24).
Mineralocorticoids in children with adrenal insgféncy are replaced as fludrocortisone. In
infancy there is a relative aldosterone resistamite the immature kidney tubular system
being unable to adequately respond to aldosteratienato regulate water and sodium
homeostasis (25). During the neonatal period andy eafancy a higher dose of
fludrocortisone is therefore required (25). Fludmtisone doses during first year of life are
commonly 150 pg/ At day. Sodium supplementation is also required dk-fieeds (both
formula and breast) only provide maintenance sodragquirements of 2 mmol/ kg/ day,
which is not adequate to replace the sodium logsesent in Al. Sodium supplements of 5-8
mmol/ kg/ day are usually adequate, although sdmidren may require doses of up to 10-12
mmol/ kg per day. If hyponatraemia persists onaadard dose of fludrocortisone, (150 pg/
m% day), the dose of fludrocortisone should onlyifmeased further after 10-12 mmol/ kg/

day of sodium supplements have failed to normakseum sodium (26). If higher

11



fludrocortisone doses are necessary, close mamifafi blood pressure and renin is indicated
to avoid iatrogenic hypertension. Commonly, sodiwmpplementation can safely be
discontinued when salt intake is sufficient via dod@his can be initiated from usually 8

months of age and should be approached on an dudivsed basis taking growth,

development and compliance into account. Some eftave abandoned the use of NaCl
supplementation and titrate fludrocortisone accwdio renin concentrations and blood
pressure. Clinical studies comparing the outcomihese two strategies have a high clinical

research priority.

In all forms of CAH a degree and spectrum of aldasie deficiency and salt-loss is present
(27,28). Therefore the traditional labelling ofipats with CAH as “salt wasting” or “simple
virilising” is misleading as in reality a continuegpectrum exists between severe and mild
disease (29). Thus, in our clinical practice we ehabandoned using these terms. The
majority of patients with CAH and aldosterone dieficy present during weeks two to three
of life with salt loss, which can be life threategiif not recognized and treated early. In girls
where ambiguous genitalia have been identified iath bdaily monitoring of serum
electrolytes should be performed in the neonatailogeuntil the diagnosis is confirmed.
Bloods should be drawn for measurement of aldoster@nd plasma renin. The ratio of
aldosterone to plasma renin activity is reducedhwitreasing disease severity and has been
suggested to represent a better marker of diseaswity than measurement of renin or
aldosterone alone (26). Aldosterone, however, resnai challenging analyte in the low
concentration range even by employing liquid chrmgephy tandem mass spectrometry
methods. All patients with an elevated PRA or addame to PRA ratio require
fludrocortisone therapy and adequate dietary sodwinich includes almost all children with

classic CAH. Since the physiologic mineralocorticaesistance improves with age, the
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requirement for continuing fludrocortisone replaesmnshould be regularly reassessed by

measuring blood pressure and renin concentrations.

Monitoring fludrocortisone replacement

Sensitivity to mineralocorticoid increases with agbus blood pressure, plasma electrolytes
and plasma renin activity should be monitored e28/months during the first 18 months of
life, using age, sex and height-adjusted refereniceavoid over treatment, which presents
with hypertension and hypokalaemia (26). Suppregtéasina renin concentrations indicate
overtreatment. The challenge in infancy is in datemg the appropriate fludrocortisone
dose to avoid life-threatening salt-wasting criseghilst, limiting overexposure to
fludrocortisone. A recent study identified a higheyalence of transient fludrocortisone
induced hypertension in young children aged 0-4rsyemith classic CAH (30) despite
following the Endocrine Society guidelines on CABL). They highlighted the 12-18 month
age group as being particularly at risk and recontheose monitoring of BP in association
with reductions in fludrocortisone dosage betwe2rl8 months of life to avoid potential
harm to the renal and cardiovascular systems friogrdcortisone induced hypertension.
After infancy the relative fludrocortisone doser@fation to body surface area decreases and
this trend continues throughout childhood and abaece. After 18 months of life
monitoring of treatment adequacy can be performatBthly. Fludrocortisone doses of 100
ng/ nf/ day after the first two years of life are commposLifficient to maintain a normal
blood pressure and renin concentration. Howevegsedhrequirements have to be
individualised as occasionally patients requirensigantly higher doses. Commonly, this
requirement drops further with adolescents andtaduk usually sufficiently supplemented

with a total daily dose of 100 to 200 pg (50 to 10§ nf per day) (9). Fludrocortisone is
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usually administered once daily, although twicdyddierapy with two equally divided doses
can be helpful. For example, in a situation of @ased physiological fluid and electrolyte
loss, such as a hot climate the patient may beffrelith higher more frequent doses of

fludrocortisone (32).

At present it remains unclear as to whether addhlianineralocorticoid replacement is
required during stress and for elective surgicalcedures. Where oral intake is possible
fludrocortisone should be administered. If oralak#& is not possible, recommended
replacement doses of intravenous hydrocortisohable 5) circumvent the need for
fludrocortisone as 40 mg hydrocortisone exerts\edent mineralocorticoid activity to 100
Mg fludrocortisone. Of note, prednisolone has omguced and dexamethasone has no
mineralocorticoid activity (33). During stressfutaumstances, e.g. febrile illness (>3&5
and gastroenteritis associated with inability tetate oral fluids, major trauma and surgery
for which general anaesthesia is required, reguhmasurement of serum and urine
electrolytes should be performed, and sufficienplaeement of sodium administered

intravenously.

Glucocorticoid replacement

The aims of therapy in adrenal insufficiency aretevent adrenal crisis and additionally in
children with CAH to minimise androgen secretiord asonsequent virilisation, enabling
normal growth and development. Current recommenttedtment regimes, consist of
hormone replacement with oral hydrocortisone tableh growing patients and
fludrocortisone therapy (15). Prednisolone and desthasone are not recommended for use
in replacement regimens during childhood as theyaasociated with growth suppression and

significant weight gain (34). Liquid preparationshydrocortisone are not recommended due
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to the uneven distribution of the drug in the Idju{35). As food intake prior to

hydrocortisone ingestion prolongs its absorptiolftiifa doses are currently recommended to
be taken prior to food, although some experts lzagaed that administration with food may
prolong the half-life of hydrocortisone facilitagjinthe production of a more physiological
cortisol profile (36). It has been suggested thatrbcortisone has not only mineralocorticoid
but also potent glucocorticoid activity (9). Ths of particular relevance in newborns and

infants to avoid glucocorticoid over-exposure.

The average daily hydrocortisone replacement do#¢ is aligned to the daily physiological
cortisol production, which is approximately 8 mgf/rday (measured using stable isotopic
methodology (37)) and enterohepatic cortisol catioh, together yielding an average
hydrocortisone replacement dose of 8-10 m§/day (9). In CAH where suppression of the
HPA-axis is required to control androgen excessghen dose of up to 15 mg/’fday is
recommended (9,31). Importantly, doses of more ftvamg/ n¥/ day during puberty have a
significant deleterious effect on growth velocitygdafinal height (38). In infancy there is
evidence to suggest that androgen excess is natiate] with increased height velocity and

that lower hydrocortisone replacement doses caefitve be used (8-10 mgfhday) (39).

In our clinical practice, we aim to replace halftee-thirds of the daily hydrocortisone dose
as early as possible in the morning (ideally 3an®). This is based on circadian pattern of
normal adrenocortical secretion, with concentraibeing lowest at 00.00, rising between
0200 and 0400h, reaching their peak at approxim@@&0d0 h, and then falling throughout the
day (40). Despite these efforts, current glucoconrti replacement regimes struggle to mimic
the physiological profile of cortisol production ev24 hours. Bioavailability of orally

administered hydrocortisone high at close to 95&%,the half-life is short, between 60 and
120 minutes (41,42). The serum cortisol profileldaing hydrocortisone administration

therefore exhibits steep peaks followed by a rdpltito trough concentrations with the
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resultant pattern not paralleling physiological tsmd production (43). There is limited
evidence to suggest that changing the timing ofdgaltisone doses in adults with Al to try
to better replicate physiological cortisol prodoati reduces the total daily dose of
hydrocortisone required, potentially reducing theevalence of associated metabolic
complications (43). One small paediatric studyhilazen with CAH, conducted over a four
week period, found that whether the higher hydrisone dose was administered in the
morning or the evening found no effect on diseas®rol, measured using basal 170HP,
DHEAS, androstenedione, and testosterone concemsatand concluded to follow a

replacement regime with a high-morning dose ratn a reverse circadian rhythm (44)

Although there is significant variability in the mber and timing of hydrocortisone dose
administration internationally hydrocortisone is shaommonly administered in a thrice
daily regimen (45), aiming to mimic the circadidrythm of cortisol secretion (31). Debate is
ongoing whether dosing should be increased fouredina day as the duration of
hydrocortisone in the circulation is about 6 hrse @b, however, advice against a large late
evening dose as this will create a high cortisoicemtrations during the physiological nadir
and due to the half-life of hydrocortisone stilil fim sufficiently suppress the early morning

ACTH surge.

An important consideration with regard to hydrosmme dosing are patients taking
medication that accelerates cortisol metabolismis i mainly happening by enzyme
induction of cytochrome P450 3A4. Thus, patienatied with drugs such as anticonvulsant
or antiretroviral medication may require increasgdrocortisone doses to ensure adequate

cortisol replacement (46).

Sress treatment
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Adrenal crisis due to impaired cortisol responsephysical stress is a serious threat in
adrenal insufficiency. Studies in adults duringriiebillness (>38.5 C), trauma and surgery
studies have shown that metabolites of ACTH, calrtisrinary cortisol and urinary cortisol
metabolites increase (47,48). During mild/modernater-current illness where fluids are
tolerated steroid doses should be increased to @éntday divided in four 6-hourly equal
doses. The high oral bioavailability of hydrocasiie means that if absorption from the
gastrointestinal tract is not impaired the oralteois nearly as effective as the intravenous
route (41). However, patients with diarrhoea andthiimg, who are unable to take their
medication require IM hydrocortisone (100 m§/per dose) and immediate review by a
medical professional. On review blood pressure,odl@lucose, urea and electrolyte
concentrations should be measured. If any of thes@bnormal the child should be admitted.
Patients with severe illness or major surgery megangoing IV hydrocortisone replacement
(Table 5). To avoid peaks and troughs this is ideally giasrcontinuous IV infusions rather
than IV or IM bolus injections (49). Increased glaorticoid doses should be avoided in
mental and emotional stress, minor iliness, andrkegbhysical exercise, as this would greatly

increase the frequency of supra-physiologic dosing.

Sodium chloride IV replacement if required duringrenal crisis, needs to be carefully
monitored, to avoid rapid sodium chloride shifttudfocortisone adjustment is commonly
not required. In patients presenting with hyporetra sodium should initially be corrected
to 120-125 mmol/L at a rate of 0.5 mmol/L/h, théteacorrection to normal values should

continue over 48 hours.

Patients with CAH are at increased risk of hypoggmia due to impaired adrenomedullary
function. In patients with CAH the adrenal medultzes not develop normally and they have
significantly lower plasma and urinary epinephriaad plasma total and free metanephrine

concentrations than healthy controls (50). The eegof adrenomedullary dysfunction
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correlates with the severity of the enzyme impamtr(&1). The combination of cortisol and
adrenaline insufficiency results in dysregulatidngtucose, insulin and leptin metabolism
(52,53). Although the clinical consequences of mdremedullary insufficiency remain
speculative, it is hypothesized to play a roleypdyglycaemia during intercurrent illnesses in
children with CAH and to be a risk factor in thevdlpment of insulin insensitivity (54). If
there is loss of consciousness and/or circulatothagse blood glucose should be measured
hourly until normalized and stable. Hypoglycaemiaoldd be managed appropriately

according to local guidelines.

All patients are advised to carry a steroid emergenard or Medic Alert Bracelet
emphasising the diagnosis “adrenal insufficiencyiipbasising the urgent requirement of
hydrocortisone stress cover during critical illneatients and parents should have an

emergency glucocorticoid injection kit and metiadcself-injection training.

Major Surgery

Elective surgery should be carefully planned injeoation with the anaesthetic team. The
patient should ideally be first on the surgicat irs the morning. The night prior to surgery
the normal evening dose of hydrocortisone shouldadministered. At 06:00 a dextrose-
saline infusion should be started and continued ardl fluids can be tolerated post-surgery.
The required hydrocortisone morning medication bangiven as IV hydrocortisone in the
same dose as the oral medication. If the patieohithe afternoon surgical list they should

receive their standard morning hydrocortisone dose.

At induction an intravenous dose of hydrocortissheuld be administered followed by a
continuous hydrocortisone infusion according torg@mmendation of stress dosifigale

5). Consideration should be taken of the surgicatedure being performed. For example, in
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children undergoing neurosurgical procedures inmwlilee mineralocorticoid water retentive
effect of hydrocortisone may be a disadvantageauhethasone should be used. Whilst there
is limited data on cortisol production in healthlildren in response to minor surgical
procedure our knowledge on endogeneous cortisalugtmn in response to major surgical

procedures remains limited (55).

Minimally invasive surgical procedures

Minimally invasive procedures do not result in aation of the hypothalamo-pituitary axis in
children (55). The current advice for hydrocortisoreplacement in children with Al
undergoing minimally invasive procedures is themefono more than three times
physiological replacement (10 mgFhday orally) in the 24 hour perioperative peridthe
daily hydrocortisone dose following minimally inwas procedures should be about
30mg/nf/day ideally divided into four equal 6-hourly dosBecent evidence suggests these
guidelines for stress dosing in Al substantiallyceed physiological requirements during
minimally invasive procedures, however further egsk in this area is required before
amendments are made (55). The increase in hydremoet dose should follow the surgical
procedure as in the majority of healthy patientsititreased cortisol production in response

to minor procedures occurs at the time of recoasiy not during the surgical procedure (56).

Puberty

Puberty is associated with changes in the metabodtis cortisol, with cortisol clearance
being increased, especially in females (57). Thi&lit@ of cortisol during puberty can

therefore be as low as 40 minutes, compared to BQites in pre- or post-puberty (58).

19



Increased growth hormone production increases gigarefiltration and cortisol clearance,
and oestradiol increases cortisol binding globabncentrations. In addition, reduced activity
of 11-beta-hydroxysteroid dehydrogenase type lndutine pubertal growth spurt leads to
decreased reactivation of cortisone to cortisol, affikctively, hypocortisolism (59). Thus,
the concentrations of circulating cortisol are #igantly reduced during puberty, with
glucocorticoid dosing requiring regular assessna@dtamendment to maintain control of the
hypothalamo-pituitary axis. During puberty a moregtient dosing schedule of four times

daily is frequently required (57).

Monitoring glucocorticoid replacement

Long-term health problems in patients with adrenalfficiency are increasingly a concern.
They can arise from the disease process itselfexample excess androgen exposure in
CAH, as well as from under-treatment or over-treatmwhich leads to deficient or excess
glucocorticoids. There are no clear guidelines adogcreening for co-morbidities in children
and adolescents with Al, although it has been sstgdethat an annual review process could

be helpful (9).

Growth

A dose-dependent negative effect of glucocorticafldinear growth has been identified
during infancy, childhood and adolescence (60).dSype to glucocorticoid doses above 15
mg/nf/day (38,61), or treatment with long-acting, higbtency glucocorticoids impacts
negatively on growth (34). Infancy is the time obshrapid linear growth acquisition, and

impaired linear growth due to excess glucocortichidrapy during this period cannot be
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recovered (62). Glucocorticoid exposure shouldefoee be limited by using the minimum
effective dose (33). Children receiving lower doséfiydrocortisone, monitored 3 monthly
to optimise the dose, with treatment aiming to kieejght, BMI, blood pressure and bone age
within normal limits are able to achieve a nornmaaiget height (63). Several small studies
have assessed the potential of growth hormone otatisn, and growth hormone in
combination with a GnRH to enhance growth in ckefdrwith classic CAH (64,65).
However, as normal final height can be achieveccénefully titrating hydrocortisone the
additional use of expensive and experimental thesawith potential side effects does not

seem justified.

Reproductive Health

Females with CAH usually enter puberty at the ndrtimae. However menarche can be
delayed in individuals with poor control and inged exposure to androgens, with an
irregular menstrual cycle also being associatedh wdor overall disease control (66). It is
thought that females with CAH are at increased ok polycystic ovarian-like syndrome,

presenting clinically with oligomenorrhoea and mtif¢y due to excess androgen exposure
during episodes of poor control (67). However défe studies have identified a variable
association between CAH and polycystic ovariesdi®tiin adult females with CAH have

identified the prevalence of polycystic ovaries melvic ultrasound to be the same as the
general population or as high as 83% (68,69). Rgslifrom adolescent studies report
similarly conflicting results (68,70). Abirateromeetate, a prodrug which is metabolized to
abiraterone, is a potent site-directed inhibitorGX@¥P17A1. A recently published phase 1

study in adult females with CAH reported that algrane acetate therapy administered
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alongside hydrocortisone replacement doses of 8 mfg/day enabled normalisation of

measures of androgen excess with the potentia tesbd as adjunct therapy (71).

Males with CAH are at risk of developing testiculadrenal rest tumours (TART), an
important cause of primary gonadal failure andriilfey (72). The prevalence of TARTS in
childhood ranges from 18 - 29%, with the youngéfscted patient being four years of age
(73-75). The prevalence of TARTs increases posefybwith some studies reporting a
prevalence as high as 94% in adulthood (76). Thesgn testicular tumours compress the
seminiferous tubules leading to obstructive azows@e damage to the surrounding
testicular tissue ultimately resulting in infettgi TARTs are hypothesized to originate from
aberrant adrenal cells descending during embryageneith testicular cells (77). The
aetiology of TARTS remains incompletely understoatthough they appear to be more
prevalent in individuals with poor metabolic comt(@3). Interestingly in a recent paediatric
study some of these early stage tumours were foairtisappear in response to high dose
glucocorticoid therapy (30 mg/3nday) (73). Since the identification of tumoursdehan 2
cm in diameter is not possible by palpation dugéhtr location in the rete testis ultrasound
screening for TART has been recommended every & yeaarly childhood and annually in

the peri-pubertal period (72,73).

Quiality of life and cognition

Lifelong medication and regular clinic visits ar@e a@nevitable consequence of being
diagnosed with adrenal insufficiency. Chronic iBeeimpacts negatively on psychosocial
development. More specifically in CAH androgen esscenay affect normal psychosocial
development and there is evidence to suggest ttwse exposure to corticosteroids also

impacts negatively on brain development and funct{@8). Some studies investigating
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quality of life and subjective health status in glwith CAH have identified impaired
quality of life (QoL) and a tendency to psychol@aiproblems in affected individuals, whilst
others report normal health related QoL (79). Stsdio clarify these discrepancies are
needed (33). A number of different cognitive chanpyave also been described in CAH
patients including reduced intelligence, learninffialties, impaired attention, reduced
verbal fluency and memory (80). Whilst some cogeiteffects during acute brain damage
may be transient, others such as repeated expmseaxreess glucocorticoids or androgens are
likely to become permanent (81). Assessment ofityual life and cognitive function do not
form a routine part of clinical care in childrendaadolescents with CAH at present. However
it has been suggested that screening for psycloabdifficulties should be incorporated the
care pathway with those found to have abnormal esing results offered further
psychological evaluation and intervention (82).sTappears to be of major importance as the
impact of intrinsic factors versus external factorsluding health care provision on overall

health related QoL in CAH remains unclear (33).

Cardiovascular and metabolic health

Children and adolescents with CAH have increased B blood pressure compared to
healthy controls, with BMI correlating positivelyitw glucocorticoid dose (83,84). Children
with CAH are also at risk of developing impairedufin sensitivity, with unfavourable

changes in HOMA-IR being associated with raisedirfgsinsulin concentrations (85,86).

More recently a retrospective cross-sectional swfd¥07 individuals (mean age 9.2 years,
range 0.4-20.5 years) reported that individuals agad with lower doses of hydrocortisone
replacement therapy (13.3 mgf/nday) have lower HOMA IR than historical contr¢&).

Overall, altered insulin sensitivity appears totbherapy-related with both over and under-
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treatment potentially leading to impaired insulensitivity (33). Carotid intima thickness, a
surrogate marker for atherosclerosis, has beenrshowe increased in a study of 19 young
adults with CAH (88). This finding was independ&fthormonal control, glucocorticoid
dose or metabolic parameters including lipid staghscose or insulin concentrations. The
relevance of these structural changes to futurdi@aascular health in patients with CAH
remains unclear. However, two studies reportedttieste changes can be already detected in
children and young persons (89,90). There is ndesde to suggest that children with CAH
are at risk of dyslipidaemia, with the majority stfidies describing normal lipid profiles in
children and adolescents with CAH (33). The curgantelines in children recommend that
BP should be assessed at every clinic visit ant Bifashould be maintained within the
normal range for age and sex to minimise the ridkmg-term cardiovascular complications.
Investigations into insulin sensitivity should bensidered in individuals who present

clinically with signs of insulin insensitivity.

Bone health

Long-term glucocorticoid therapy suppresses os&sbblactivity and increases bone
resorption by osteoclasts. Patients with CAH exgdsesupraphysiological hydrocortisone
doses are therefore at risk of developing bonetlhestbnormalities. To date studies in
adolescents and young adults with CAH have not titleth any bone mineral density
abnormalities (33). However, data on bone mineeaisity in adults aged over 30 years and
in postmenopausal women with CAH suggest thera im@eased prevalence of osteopaenia
and osteoporosis compared to healthy controls {7929. In children and adolescents it is
therefore advised to limit cumulative hydrocortisooverexposure to optimise bone health

and to maintain serum androgen concentrations @ upper normal range. There are

24



currently no recommendations for regular monitomfidpone mineral density in children and

adolescents with CAH.

Monitoring of treatment

Assessment of treatment efficacy in children witAHCinvolves monitoring for signs of
glucocorticoid excess in addition to signs of inute control of sex steroid excess (31).
Classically disease control has been measured hyitonag growth velocity, bone age
(annually after 4 years of age) and serum condamtsa of androgen precursors (31,93).
However there is ongoing debate amongst clinici@oth regarding the specific analytes that
should be measured to assess control and whatthber and timing of these measurements
should be. Measurements of cortisol concentrat@ames not useful to monitor quality of
glucocorticoid replacement in adrenal insufficie®t). Treatment of CAH should aim to
normalise sex-hormones. The optimal glucocortiatede fails to suppress 170HP and its
metabolites and maintains sex hormone concentgtiorthe mid to upper age and sex-

specific normal range.

Glucocorticoid metabolism varies with age and betwendividuals, it has therefore been
suggested that doses should be titrated againsio@d serum cortisol profiles (95). After
hydrocortisone administration approximately 95%haf drug is absorbed into the circulation.
Peak concentrations of cortisol are reached afternours with the duration of action being
4-6 hours (half-life average 80 mins) (41). Houchyrtisol profiles over a 24 hour period
enable assessment of whether there are times \whgratient is either over or under exposed
to cortisol and whether the doses are been admiiatstfrequently enough at the right times
of day. Thus, the assessment of cortisol kineticd dynamic profiles might improve

glucocorticoid replacement with respect to findimgnore individualised dose and better
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timings. The possibility of using saliva to monitdd hr cortisol profiles has also being
explored. Salivary cortisol can be collected in @nfess way and offers a measure of
bioactive free hormone (96). Dried blood spots halge been assessed as a means of 24 hour
steroid profiling using liquid chromatography tandemass spectrometry (97). However,
different monitoring strategies have not been caeygban clinical studies and no evidence

base exists therefore in relation to outcomes.

Even with careful optimisation current replacemegimens with hydrocortisone tablets do
not parallel the physiological pattern of cortipsbduction with the dose of hydrocortisone
required to maintain a safe background cortisokeatration resulting in supraphysiological
cortisol concentrations 1-2 h after administrat{dd). Exposure to high concentrations of
glucocorticoids suppresses growth, increases hpwessure and can cause osteoporosis and
iatrogenic Cushing’s syndrome (34,83,84,91,98). pides significant reductions in
glucocorticoid doses over the last decade CAH ooes to be associated with significant
morbidity and mortality. Children with CAH have ramkd final height compared to their
mid-parental target height despite treatment opgw@tion. They also have an increased
prevalence of cardiovascular risk factors includatgsity and hypertension (87) and are at
increased risk of infertility in adulthood (33). #ever, further dose reductions would place
patients at an increased risk of adrenal crisif) wnder-treatment also leading to increased

adrenal androgen production. Novel approachesatrtrent are therefore being explored.

Novel approachesto glucocorticoid replacement

Hormone replacement in CAH remains challenginghaspharmaco-kinetics and dynamics
of immediate release hydrocortisone make it almiwgtossible to replicate physiological

cortisol profiles (87). Due to the lack of low dolsgdrocortisone preparations a variety of
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unlicensed hydrocortisone preparations at dosé®etwveen 0.5 to 5mg are currently used in
paediatric practice (45). Such preparations bearik of significant dose variations (99). A

recent innovation of multilayered multiparticuldtgdrocortisone granules (Infacort®), might

overcome these problems in the foreseeable futurdose of 10 mg Infacort® has been

shown to be bioequivalent to 10 mg hydrocortisamé @nit doses of 0.5, 1, 2 and 5 mg have
been tested in a recent phase 1 study (45). Thaeeify of this formulation needs to be

tested in infants and children and will have theepbtal to optimise glucocorticoid

replacement in this age group.

Continuous subcutaneous hydrocortisone infusions

In individuals with persistent poor control studie$s cortisol clearance might provide
important information. Where plasma cortisol pmfihourly samples) identifies a rapid
clearance of hydrocortisone initially a more fregueegiment of hydrocortisone replacement
should be trialled. If good control remains elusitteese individuals may benefit from
continuous subcutaneous hydrocortisone infusiomfiyeadministered via an insulin pump,
which has been adapted to deliver hydrocortiso®. (Several small, uncontrolled studies
have now demonstrated that subcutaneous hydramoetimfusions can accurately mimic the
circadian cortisol profile, improving hydrocortisaneplacement and resulting in near normal
ACTH and 170HP concentrations in previously poarbntrolled subjects (100,101). In
published studies improved control of adrenal agednohas been achieved with decreased
glucocorticoid doses. Pump therapy is also a helpgition in children who are unable to
tolerate oral steroids e.g. severe gastritis andpatients with obesity or hypertension
secondary to high dose glucocorticoid therapy (38hilst pump therapy offers many

benefits, including improved management of stress iater-current illness the risk of site
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and pump failures and the need for injections mlgimation with being attached to a medical

device limit their use in general clinical practice

Sustained release hydrocortisone preparations

The development of modified release hydrocortispreparations which aim to provide a
more physiological cortisol profile is ongoing (40Lhronocof, a modified-release
formulation of hydrocortisone aims to replicatetsmi circadian rhythm and to suppress the
overnight ACTH surge which drives excess androgedyction in CAH (102). The recently
published phase 2 study for Chronocort® demonstrate decrease in equivalent
hydrocortisone dose required, lower 24-hour andraffon androstenedione area under the
curve and lower 24 hour and morning 17-hydroxypstgg®@ne area under the curve (103). A
further dual-release hydrocortisone preparationen&iref™ (Duocort/ViroPharma,
Helsingborg, Sweden), has been trialled in patigntls adrenal insufficiency as once-daily
dosing, compared to thrice-daily dosing (104,16®wever is does not address the overnight
rise in ACTH and the suitability of the use thisighcorticoid preparation in patients with

CAH requires further research.

Childhood experimental therapies
Inhibition of Corticotropin Releasing Hormone

Corticotropin Releasing Hormone (CRH) stimulates TMCproduction and release from
pituitary corticotrophs. Inhibition of CRH and/ oACTH production would enable
administration of lower HC replacement doses, raducthe side effects from

supraphysiological hydrocortisone doses. A recemjle-blind, placebo-controlled, single
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centre study explored the use of a selective airtpin-releasing factor type 1 receptor
antagonist in adult females with 210HD aged 18 & ygars. The authors reported a
meaningful reduction of 170HP and ACTH in combioatwith variable concentrations of
androstenedione and testosterone (106). Futuriealistudies are required to determine the
clinical relevance of these promising efforts radgcthe ACTH drive, which has the

potential to reduce glucocorticoid doses in therkeit

Blocking androgen synthesis and androgen action

The androgen-receptor blocker, flutamide, has hessa in conjunction with the aromatase
inhibitor testolactone, low dose hydrocortisonelaeement therapy (8 mg/“mday) and

fludrocortisone replacement. This four-drug regimmemmalalised linear growth and bone
maturation, despite elevated adrenal androgensorapared with conventional therapy in a
2-year randomized study (107). More potent antiageins are now available, currently in
use for the treatment of prostate cancer. Bicalittarnas a half-life of one week and reduced

hepatoxicity when compared to flutamide (108).

A novel potentially very interesting alternative abiraterone acetate which blocks the
enzymatic function of CYP17A1l. The recently pubdéidhphase 1 study reported that low
dose abiraterone acetate therapy administered sittngydrocortisone replacement doses of
8 mg/ nf/ day enabled normalisation of measures of andregeass (71). However, the long

term safety of these therapies, and their roleha management of CAH warrants future

clinical studies.

Practice Points
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Hydrocortisone divided into three or four doseghe drug of first choice until final
height is achieved.

The timing of hydrocortisone replacement if of siig@ant importance with 50-66% of
the daily dose to be administered as early as lplessi the morning.

Adequate glucocorticoid replacement commonly fddssuppress or normalise 17-
hydroxyprogesterone concentrations, but normalasdrostenedione and testosterone
into the age and sex specific normal range.

The relative mineralocorticoid dose per body swfacea declines with increasing age
and decreasing mineralocorticoid resistance.

Replacement doses are monitored assessing renaerdoations (target upper normal
range) and blood pressure (normal age and seXfisp@treally height adapted range).
Glucocorticoid over-exposure appears to be a ketpfassociated with long-term health
problems; thus patients at all ages should beetleaith the absolute minimal required

glucocorticoid dose.

Research Agenda

It appears vital to establish large scale clinfeskearch networks to assess the the current
and future health status in patients with CAH adictaal insufficiency.

Oral hydrocortisone replacement regimes have bgeimised over the last decade,
future research needs to address the optimum methetkroid hormone delivery and
monitoring of hormone replacement.

The development of novel adjunct treatments minmgiscumulative hydrocortisone
exposure appear useful; however, the wider clini@itation and use in clinical practice

will require a broader evidence base.
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* Replacement strategies aiming to mimic physioldggtacocorticoid replacement are

required in all age groups.
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Table 1. Signs and Symptoms of Adrenal Insufficiency

Glucocorticoid deficiency Mineralocorticoid deficiency (only PAI)

Conjugated jaundice Poor feeding

Fatigue, lack of energy Vomiting, nausea, abdohpam

Weight loss, anorexia Failure to thrive

Myalgia, joint pain Dehydration

Fever Dizziness, postural hypotension

Anaemia, lymphocytosis, eosinophilia Salt craving

Slightly increased TSH Low blood pressure, padthypotension

Hypoglycaemia Increased serum  creatinine  (volume
depletion)

Increased Insulin sensitivity Hyponatraemia, hixpremia

Low blood pressure, postural hypotension Urinaly less

Hyponatraemia (loss of feedback inhibition of Hypovolaemic shock
AVP release)
Apnoe

Hyperpigmentation occurs in PAI only and is caubgdexcess of proopiomelanocortin (POMC)-
derived peptides

Alabaster-coloured pale skin occurs in secondaryoily caused by deficiency of POMC-derived
peptides; rare in children

Decreased pubic and axillary due to adrenal andrdgéciency in females
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Table 2. Differential diagnosis and clinical presentationdifferent forms

insufficiency

of steroidogenic adrenal

Enzyme DSD Affected organ Deficiency Excess
CYP21A2 46,XX adrenal MC, GC SexH
CYP11B1 46,XX adrenal GC MC, SexH
CYP17A1 46,XY adrenal, gonad GC, SexH MC
HSD3B2 46,XY (46XX) adrenal, gonad MC, GC, SexH

POR 46,XY + 46,XX adrenal, gonad, liver GC, SexH (MC)

StAR 46,XY adrenal, gonad MC, GC, SexH

CYP11A1 46,XY adrenal, gonad MC, GC, SexH

CYP11B2 — adrenal MC

CYP21A2: 21-hydroxylase, CYP11B1: f-hydroxylase, CYP17Al: LiFhydroxylase, HSD3B2:[B

hydroxysteroid dehydrogenase type 2, POR: P450 ooxdtlictase, StAR: steroidogenic acute

regulatory protein, CYP11Al: P450 side chain clgavanzyme, CYP11B2: aldosterone synthase.

MC: mineralocorticoid, GC: glucocorticoid, SexHxs&eroid hormone
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Table 3. Aetiologies of Primary Adrenal Insufficiency in Qdien

Condition/ deficiency Gene OMIM Associated clinical signs and symptoms
Impaired Steroidogenesis
Impaired cholesterol transport
Steroidogenic Acute Regulatory Protein SAR 201710 46,XY DSD, gonadal insufficiency
(Congenital lipoid adrenal hyperplasia;
CLAH)
Seroidogenic enzyme/ co-factor deficiency
causing Congenital adrenal hyperplasia (CAH)
3p-hydroxysteroid dehydrogenase type 2 HSD3B2 201810 46,XX and 46,XY DSD, gonadal insufficiency
21-hydroxylase CYP21A2 201910 46,XX DSD, hyperandrogenism
11B-hydroxylase CYP11B1 202010 46,XX DSD, arterial hypertension
CYP17A1 deficiency CYP17A1 202110 46,XY DSD, arterial hypertension, gonadalfficiency
P450 oxidoreductase POR 201750 46, XX and 46,XY DSD, gonadal insufficienbgne
malformation, affects all endoplasmic CYP450 enzyme
Seroidogenic enzyme deficiency (non CAH)
P450 side-chain cleavage enzyme CYP11A1 118485 46,XY DSD, gonadal insufficiency
Aldosterone synthase CYP11B2 124080 Isolated mineralocorticoid deficiency
Defects of cholesterol synthesis/ metabolism
Wolman disease LIPA 278000 Diffuse punctate adrenal calcification, xanthomatobanges in
(lysosomal acid lipase deficiency, cholesterol liver, adrenal, spleen, lymph nodes, bone marrowalis
ester storage disease) intestine, lungs and thymus, and slight changekiim retina,
and central nervous system, hypercholesterolaest@atorrhea,
poor prognosis
Smith-Lemli Opitz disease DHCRY 270400 Mental retardation, craniofacial malformations,bim
abnormalities, growth failure
Abeta-lipoproteinaemia MTP 200100 Ataxia, retinopathy, acanthocytosis, fataiabrption
Familial hypercholesterolemia LDLR 143890 Tendinous xanthomas, xanthelesma, cornead ar
Adrenal Dysgenesis
Without syndromic features
X-linked adrenal hypoplasia congenitalNROB1 300200 Combined primary and secondary hypogonad¥iD in
(AHC) (DAX1) contiguous gene syndrome
Adrenal hypoplasia steroidogenic factor-INR5AL 184757 46,XY DSD, gonadal insufficiency
deficiency (SF1)
With syndromic features
IMAGe syndrome CDKN1C 300290 Intrauterine growth retardation, metaphyseal dyspladrenal
insufficiency, genital anomalies
Pallister-Hall syndrome GLI3 165240  Hypothalamic hamartoblastoma, hypopituitarism, ifiprate
anus, postaxial polydactyly
Meckel Syndrome MKSL 249000 Central nervous system malformation, polycysdneys with
fibrotic liver changes, polydactyly
Pena-Shokeir syndrome 1 DOK?7 208150 Arthrogryposis, fetal akinesia, IUGR, cys$tjgroma,
pulmonary hypoplasia, cleft palate, cryptorchidisardiac
defects and intestinal malrotation, pterygia oflthis
RAPSN
Pseudotrisomy 13 264480 Holoprosencephaly, severe facial anomalies, pastaxi
polydactyly, various other congenital defects, aadmal
chromosomes
Hydrolethalus syndrome HYLSL 236680 Severe prenatal onset hydrocephalus, pdiggac
Galloway-Mowat syndrome 251300 Early-onset seeamephalopathy, intractable epilepsy,
nephrotic syndrome, microcephaly, hiatal hernia
ACTH resistance
Familial glucocorticoid deficiency (FGD) Type MC2R 202200 Tall stature, isolated deficiency of glucocorticsid
1 generally normal aldosterone production
Familial glucocorticoid deficiency (FGD) Type MRAP 607398 Isolated deficiency of glucocorticoids,
2 generally normal aldosterone production
Impaired Redox Homeostasis
Triple A syndrome (Allgrove syndrome) AAAS 231550 Alacrimia, achalasia; neurologic impairment, deafenental
retardation, hyperkeratosis
Mitochondrial deficiency of free radical NNT 614736
detoxification
TRXR2 606448 Isolated deficiency of glucocorticoids
GPX1, Digenic inheritance has been shown in one patiihtisolated
PRDX3 glucocorticoid deficiency
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Miscellaneous
DNA repair defects

Bioinactive ACTH
Adrenal Destruction
Inherited aetiologies

Autoimmune Adrenalitis
Isolated autoimmune adrenalitis

Autoimmune Polyglandular Syndromes (APS)
APS Type 1

APS Type 2

APS Type 4

Peroxisomal defects
X-linked Adrenoleukodystrophy (X-ALD)

Refsum disease

Neonatal Adrenoleukodystrophy
(Autosomal recessive)
Zellweger syndrome

Kearns-Sayre syndrome
Acquired aetiologies
Haemorrhage

Trauma/surgery
Infection

Infiltration

Drugs

MCM4 609981

POMC 201400
associated

with

HLA-

DR3,

CTLA-4

AIRE 240300

associated 269200
with
HLA-
DR3,
CTLA-4
associated
with
HLA-
DR3,
CTLA-4

ABCD1 300100

PEX7
PEX1

266500
601539

PEX1 214100

Mitochon- 530000
drial DNA

deletions

Table 3 continued

NK cell deficiency, growth failure, increased chrmsomal
breakage

Hypoparathyroidism, chronic mucocutaneouslidéasis, other
autoimmune disorders, rarely lymphomas

Hypothyroidism, hyperthyroidism, prematuvarian failure,
vitiligo, type 1 diabetes mellitus, pernicious améee

Other autoimmune diseases, excluding thyroid deseas
diabetes (unusual in children)

Progressive neurodegeneration, behaviohaaiges, cognitive
decline, loss of speech, hearing and vision, deimespasticity,
seizures
Least severe form of peroxisome biosynthesis defect
Craniofacial abnormalities, and liver dysfunctiand
biochemically by the absence of peroxisomes

Craniofacial abnormalities, hepatomegalyeigemental
retardation and growth failure, hypotonia, deafnbiadness,
genitourinary abnormalities, stippled epiphyses

External ophthalmoplegia, retinal degeneration, @ardiac
conduction defects; other endocrinopathies

Bilateral adrenal haemorrhage of the newborn, &mym
antiphospholipid syndrome, Anticoagulation

Bilateral adrenalectomy
Septic shock, Meningococcal sepsis (WaterhouseeFighsen
syndrome), Tuberculosis, Fungal infections (hisiepliosis,
cryptococcosis, coccidiomycosis, blastomycosis),
Cytomegalovirus, HIV-1
Metastatic cancers, Primary adrelyaiphoma, Amyloidosis,
Sarcoidosis, Hemochromatosis
Ketoconazole, Rifampicin, Phenytoin, Phenobakbita
Aminoglutethimide, Mitotane, Abiraterone, Etomidate
Suramine, Mifepristone
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Table 4. Aetiologies of Secondary Adrenal Insufficiency ihildren

Condition/ deficiency Gene OMIM Associated clinical signs and symptoms
Hypothalamic Disorders
Congenital aetiologies
Septo-optic dysplasia (de Morsier Syndrome)HESX1 182230 Combined pituitary hormone deficiency, optic-nehypoplasia,
and midline brain defects
CRH deficiency
Acquired aetiologies
Steroid withdrawal syndrome
Inflammatory disorders Abscess, meningitis, ehedipis
Trauma
Radiation therapy Craniospinal irradiation in leukemia, irradiaticor tumours
outside the hypothalamic-pituitary axis
Surgery
Tumour Craniopharyngioma, glioma, meningioma, ependymoma,
germinoma, and intrasellar or suprasellar metastase
Infiltrative diseases Sarcoidosis, Histiocytosjhiraemochromatosis
Pituitary Disorders
Congenital aetiologies
Aplasia/hypoplasia
Multiple pituitary hormone deficiencies
Prophet of PIT1 PROP1 262600 Additional deficiency of GH, PRL, TSH, LHHRS
Lim homeobox gene 4 LHX4 262700 Additional deficiency of Growth hormone, TSH
SRY-box 3 SOX3 312000
Isolated ACTH deficiency
T-box factor 19 (TPIT) TBX19 201400 Severe neonatal-onset adrenal insufficiency
Proopiomelanocortin POMC 609734  Adrenal insufficiency, early-onset obesity, redripagmentation
Proprotein convertase 1 PCX1 600955 Hypoglycemia, malabsorption, hypogonaddiiop

Acquired aetiologies
Steroid withdrawal syndrome

Tumour

Trauma

Pituitary apoplexy (Sheehan's syndrome)
Radiation therapy

Infiltration

Lymphocytic hypophysitis

hypogonadism

Endogenous glucocorticoid hypersecretion due tdidgs
syndrome, exogenous glucocorticoid administratamrR wk
Craniopharyngioma, glioma, meningioma, ependymoma,
germinoma, and intrasellar or suprasellar metasasenoma,
carcinoma

Pituitary stalk lesions, battering, shaken babjjadar

High blood loss or hypotension

Craniospinal irradiation in leukaemia, irradiatimn tumours
outside the hypothalamic-pituitary axis, irradiatiof pituitary
tumours

Tuberculosis, actinomycosis, sarcoidosis, Wegener
granulomatosis

Isolated or as a part of APS
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Table 5. Intravenous glucocorticoid doses during critickhaks, major surgery or adrenal

crisis

Age Bolus (single Maintenance*
dose)*

<3 years Hydrocortisone 25 mg IV 25-30 mg IV payd
>3 years and <12Hydrocortisone 50 mg IV 50-60 mg IV per day
years
> 12 years Hydrocortisone 100 mg IV 100 mg IV pay d
Adults Hydrocortisone 100 mg IV 100-200 mg IV per

day

*dose for bolus and maintenance approximately eol@d mg/
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