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Abstract: Adrenal insufficiency can arise from a primary adrenal disorder, secondary to adrenocorticotropic hormone deficiency, or
by suppression of hypothalamic-pituitary-adrenal axis due to exogenous glucocorticoids. Diagnosis of adrenal insufficiency is usually
delayed because the initial presentation is often subtle and nonspecific. Clinician awareness and recognition is crucial for timely
diagnosis to avoid adrenal crisis. Current screening strategies for the diagnosis of adrenal insufficiency in children in various clinical
situations are discussed in this review.
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Introduction

Adrenal Insufficiency (Al) is a condition characterized by a deficiency of adrenal cortical hormone production. It is
caused by disorders or pathology affecting the hypothalamic-pituitary adrenal (HPA) axis. Al is classified to 2 main
groups: primary and secondary Al, based on the level of defects of the HPA axis. Primary Al is caused by destruction or
dysfunction of the adrenal gland (primary adrenal gland disorders) where all three zones of the adrenal cortex are
damaged by a disease process, which leads deficiency of cortisol, mineralocorticoids (aldosterone), and androgen
hormones. Secondary Al is caused by deficient adrenocorticotrophic hormone (ACTH) secretion from the pituitary
gland or deficient cortisol releasing hormone (CRH) from the hypothalamus (tertiary Al), collectively called central Al.
Central Al is typically caused by intracranial pathology and may be isolated deficiency of ACTH or CRH, or in
combination with other pituitary hormonal deficiencies (hypopituitarism). Iatrogenic tertiary Al caused by suppression
of the hypothalamic-pituitary adrenal (HPA) axis secondary to chronic glucocorticoid treatment is the most common
cause of central AL' Treatment of primary Al includes hydrocortisone (10-12.5 mg/m2/day) and fludrocortisone (0.05—
0.2 mg/day) as maintenance therapy, while treatment of secondary Al includes only hydrocortisone. The daily main-
tenance hydrocortisone dose needs to be increased by 3—5 times for mild to moderate stress, or up to 10 times for major
stress.> ™ Chronic and acute Al is a potentially life-threatening condition associated with significant morbidity and
mortality, especially when the diagnosis is delayed. Clinicians must maintain high index of suspicion for AI when
encountering different clinical case scenarios and recognize when and how to screen for Al for early diagnosis to prevent
overt Al or adrenal crisis. This article focuses on the screening strategies to help clinicians recognize, diagnose,
differentiate the causes of Al and treat in a timely manner.

Etiology and Clinical Presentation of Adrenal Insufficiency

The clinical presentation of Al ranges from subtle and nonspecific to hypotension or shock, depending on the rate and
degree of loss of adrenal function and on the degree of physiological stress. Hallmark clinical features in both primary
and central Al are profound fatigue, anorexia, unintentional weight loss, postural hypotension, muscle and abdominal
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pain.”’ The signs and symptoms also depend on whether mineralocorticoid hormone production is preserved (as is the
case in central Al), or deficient (as is usually the case in primary AI). Al is often insidious in onset and may go
undetected until an intercurrent illness or stress precipitates a crisis.

Primary Adrenal Insufficiency

Primary Al results from destruction or dysfunction of all 3 zones of the adrenal cortex. The causes of primary Al are
extensive in children including genetic disorders with enzyme deficiencies in the steroidogenesis pathway, peroxisomal
defects, systemic diseases such as autoimmune pathology, infections, or hemorrhage of the adrenal glands (Table 1).
Congenital adrenal hyperplasia (CAH) is the most common cause of primary Al in children, followed by autoimmune
adrenalitis or Addison’s disease.

Infants with acute primary adrenal insufficiency during the first weeks of life present with acute dehydration, poor
weight gain, poor feeding, lethargy, hypotension, and hypoglycemia. Infants with a gradual onset of primary Al may
present with failure to thrive, hyperpigmentation, in fasting hypoglycemia. The most common cause of Al in the first 2-3
weeks of life is the salt-wasting form of CAH. Characteristic electrolyte abnormalities include hyponatremia, hyperka-
lemia, mild metabolic acidosis and mild hypoglycemia (Table 2).

In older children and adolescents, the onset of clinical manifestations is usually gradual as clinical signs and
symptoms do not become manifest until at least 90% of the adrenal cortex is destroyed. The initial phase of partial
glucocorticoid deficiency results only in an insufficient cortisol rise in response to physiologic stress. Manifestations of
complete glucocorticoid deficiency include fatigue, weakness, decreased sense of well-being, abdominal pain, nausea,
vomiting, diarrhea and decline in linear growth rate. Inadequate secretion of aldosterone results in reduced renal
reabsorption of sodium and decreased renal potassium and hydrogen ion excretion, which leads to electrolyte abnorm-
alities including hyponatremia, hyperkalemia and metabolic acidosis, volume depletion, hypotension and dehydration.
Symptoms of aldosterone deficiency include salt craving, anorexia, dizziness, hypotension, dehydration and weight loss.
Cortisol deficiency also results in reduced peripheral vascular adrenergic tone which can lead to vascular collapse and
shock. Mild metabolic acidosis contributes to the hyperkalemia by permitting potassium to shift from the intracellular to
the extracellular space. Lack of physiological feedback mechanism due to cortisol deficiency leads to increased
hypothalamic CRH, which stimulates release of pituitary ACTH and a-melanocyte-stimulating hormone (¢MSH), both
of which are derived from proopiomelanocortin (POMC). Elevated ACTH and aMSH cause mucocutaneous hyperpig-
mentation (Figure 1) involving skin creases, areolae, axillae, gingival, groin, and scars.

Adrenal androgen deficiency is evident only in females, as decreased pubic and axillary hair development. Males
derive most of their androgens from the testes which result in normal pubarche.

Central Adrenal Insufficiency

Central Al is characterized by deficient production of adrenal cortisol due to hypothalamic-pituitary dysfunction with
pituitary ACTH deficiency and/or hypothalamic CRH deficiency (Table 1). ACTH deficiency may be isolated, or more
frequently in combination with other pituitary hormone deficiencies (hypopituitarism). Clinical presentation may vary
considerably, depending on the number and severity of other associated pituitary hormone deficiencies. Clinical
presentation may include hypoglycemia that may cause seizure, especially when ACTH deficiency occurs in conjunction
with growth hormone deficiency. Other symptoms include lethargy, poor feeding, nausea, vomiting, or prolonged
jaundice in neonates (Table 2). Since aldosterone secretion is intact in central Al, as it is regulated by the renin-
aldosterone pathway, salt wasting and hyperkalemia are not present. However, mild hyponatremia can occur occasionally
in association with central Al. The mechanism is due to increased vasopressin secretion with water retention from lack of
cortisol to inhibit the effect of vasopressin®’ and impaired electrolyte-free water excretion in the kidney.® Because ACTH
is not elevated in central Al, therefore, skin hyperpigmentation is absent in central Al.

Adrenal Crisis
Acute adrenal crisis, the most severe manifestation of Al, is a life-threatening medical emergency that requires prompt
diagnosis and treatment. It is defined as an acute deterioration in health status associated with an acute hemodynamic
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Table | Conditions Associated with Adrenal Insufficiency (Al) in Children

Primary Adrenal Insufficiency

Etiologies

Clinical Characteristics

Laboratory Characteristics (all with | cortisol)

Genetic disorders

e Congenital adrenal hyperplasia (CAH)

o 21-hydroxylase deficiency
(95% of CAH)

-Salt-wasting (75%), non salt-wasting (25%)
-Newborn girls with ambiguous genitalia or virilizing females,
premature pubarche, hirsutism

-Neonates with abnormal newborn screening for CAH

1 17-OH progesterone, tandrogens, TACTH, 1PRA,
laldosterone

INa, 1K (in salt-wasting)

o 3P- hydroxysteroid dehydrogenase deficiency

Salt-wasting in severe form, male and female disorder of sexual

development (DSD), premature pubarche, hirsutism

117-OH pregnenolone, 1DHEA, 1PRA,

laldosterone

o | IB-hydroxylase deficiency

Virilizing females, premature pubarche in male and females,

Hypertension due to 1 deoxycorticosterone level

1 deoxycorticosterone, Tcompound S, TACTH.
|PRA, |potassium

o |7-alpha-hydroxylase/17,20 lyase deficiency

Male DSD, sexual infantilism, primary amenorrhea, hypertension

1DOC, fcorticosterone, TACTH
|PRA, |potassium

o P450 oxidoreductase (POR) deficiency

Virilizing females, under virilized males, * skeletal malformations
(similar to Antley-Bixler syndrome)

117-OH progesterone, 117-OH pregnenolone,
nl/ |androgens

o Congenital lipoid adrenal hyperplasia (StAR)

Female phenotype in 46, XY and 46, XX, neonatal salt wasting (classic)

ladrenal and gonadal steroids, TPRA, 1LH

® P450 side-chain-cleavage deficiency

Similar to lipoid adrenal hyperplasia, atrophic adrenal glands

ladrenal and gonadal steroids, 1PRA, 1LH

o Adrenal hypoplasia congenita

Severe Al and salt-wasting in males, hypogonadotropic hypogonadism

ladrenal androgens, 1ACTH, tPRA

e ACTH insensitivity syndrome

o Familial glucocorticoid deficiency |

Failure to thrive, hyperpigmentation, hypoglycemia, tall stature

TACTH, normal electrolytes, PRA

o Familial glucocorticoid deficiency 2

Failure to thrive, hyperpigmentation, hypoglycemia

TACTH, normal electrolytes, PRA

o Triple A (Allgrove) syndrome (alacrimia, achalasia, adrenal

insufficiency)

Achalasia, alacrima, adrenal insufficiency, failure to thrive,

developmental delay, neurological symptoms

TACTH, aldosterone deficiency in 10—-15%

® Peroxisome defects: Adrenoleukodystrophy

Males: Al precedes neurological symptoms

TACTH, 1PRA, |aldosterone
TVLCFA

Adrenal damage

o Autoimmune adrenalitis (Addison’s disease)

Weight loss, fatigue, salt craving, hyperpigmentation. Can be isolated

or part of autoimmune polyglandular syndrome | and 2

1ACTH, 1PRA, |aldosterone

(Continued)
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Table | (Continued).

o Bilateral adrenal hemorrhage of the newborn

Risk factors: traumatic delivery, birth asphyxia, sepsis. May present in
shock.

Suprarenal cystic mass on ultrasound

o Adrenal hemorrhage of acute infection (Waterhouse-Friderichsen
syndrome, tuberculosis, bacterial, viral and fungal infections, human

immunodeficiency virus, cytomegalovirus)

Hypotension, shock in the setting of infection, fever, fatigue,
weakness, abdominal or flank pain, nausea, vomiting, confusion,

delirium. Petechial rash (in meningococcemia)

1ACTH, 1PRA, |aldosterone, |Na, 1K

Drug effects:

Mechanism

e Ketoconazole, fluconazole, etomidate

Reduces endogenous cortisol production by inhibiting cortisol-synthesis enzyme (P-450 cytochrome enzyme)

® Anticoagulants (heparin, warfarin)

Increases risk of adrenal hemorrhage

® Phenytoin, phenobarbital, rifampin

Increases cortisol metabolism by induction of P450 cytochrome enzyme

Central adrenal insufficiency

Etiologies

Clinical characteristics

Comments

Congenital

® Septo-optic dysplasia (HESX/)

At least 2 of the following: optic nerve hypoplasia, midline forebrain
defects, pituitary hypoplasia

Variable hypopituitarism.

o Pituitary aplasia/hypoplasia

Neonatal hypoglycemia, prolonged jaundice, micropenis

Multiple pituitary hormone deficiencies

e Congenital isolated ACTH deficiency

Neonatal onset adrenal insufficiency

JACTH

o POMC deficiency

Early-onset obesity, hyperphagia, red hair

IACTH; may have other pituitary hormone

deficiencies

Acquired

® Brain tumor

Suprasellar tumors

e Traumatic brain injury, surgery, cranial radiation

Can be late onset after injury or radiation

May have other pituitary hormone deficiencies

e Lymphocytic hypophysitis

Symptoms related to mass effect from pituitary gland enlargement and
pituitary dysfunction. Headache, visual symptoms due to optic nerve

compression.

ACTH and TSH deficiencies are very frequent in

early stages; diabetes insipidus

® Hemochromatosis

Patients with Thalassemia major receiving chronic blood infusions

Begin screening biannually at age 5 years with | g
ACTH stimulation test

Drug effects

Mechanism

o Corticosteroid withdrawal after prolonged administration

o Opiate, megestrol acetate, medroxyprogesterone

Suppresses hypothalamic-pituitary-adrenal axis

Abbreviations: ACTH, adrenocorticotropic hormone; PRA, plasma renin activity; DHEA, dehydroepiandrosterone; DOC, deoxycorticosterone; VLCFA, very long chain free fatty acids; POMC, proopiomelanocortin.
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Table 2 Clinical and Laboratory Findings for Adrenal Insufficiency

Primary Adrenal Central Adrenal Insufficiency
Insufficiency

Clinical signs and Fatigue Similar to those of primary Al
symptoms Postural dizziness/orthostatic Absence of hyperpigmentation
hypotension

Weakness

Nausea, vomiting

Salt craving

Abdominal pain

Diarrhea

Weight loss
Hyperpigmentation of skin

Laboratory findings | Hyponatremia Hyponatremia
Hyperkalemia (50%) or Normal potassium
normal potassium Hypoglycemia
Hypoglycemia Low cortisol
Low cortisol Low or normal ACTH
Elevated ACTH Normal aldosterone
Low aldosterone Normal Plasma renin activity
Elevated plasma renin Possible other pituitary hormone deficiency (central hypothyroidism, growth hormone
activity deficiency, or diabetes insipidus)

Mild metabolic acidosis
Hypercalcemia (rare)
Mild normocytic anemia
Lymphocytosis
Eosinophilia
Neutropenia

Note: Bold text indicates the important and unique clinical and lab findings.

disturbance.” Adrenal crisis usually manifests as hypotension in a previously undiagnosed patient with primary Al who
has encountered a major acute stress event, or in a patient with established adrenal Al who does not increase
glucocorticoid replacement to meet the physiological stress demand during the times of severe infection, surgery, or

A

Figure | Skin hyperpigmentation in primary adrenal insufficiency. (A) Hyperpigmentation at axillary and nipples in a 10-day-old male infant with salt-wasting congenital
adrenal hyperplasia due to 2|-hydroxylase deficiency. (B) Skin hyperpigmentation in a 10-year-old Caucasian male with autoimmune adrenalitis (Addison’s disease).
Notes: (A) Reprinted from Bowden SA, Henry R. Pediatric adrenal insufficiency: diagnosis, management, and new therapies. Int | Pediatr. 2018;2018;1,739,831. Creative
Commons.®
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trauma, or cannot retain oral glucocorticoid medication because of persistent vomiting due to viral gastroenteritis or other
causes. In addition to hypotension, patients often have other non-specific symptoms (similar to chronic AI symptoms)
such as nausea, vomiting abdominal pain, weakness, fatigue, or postural dizziness (Table 2). Clinical signs of circulatory
decompensation that are distinct for an adrenal crisis include sinus tachycardia or delayed capillary refill.” Impaired
consciousness may occur during adrenal crisis, which can progress from lethargy or confusion to delirium, obtundation,
or coma. Abdominal pain, nausea, vomiting and diarrhea may lead to misdiagnosis of gastroenteritis. Fever is often
present, usually caused by a precipitating infection, or may be secondary to the hypocortisolemia. The abdominal
tenderness and fever may lead to an erroneous diagnosis of an acute surgical abdomen and potentially catastrophic
surgical exploration without corticosteroid replacement. Marked electrolyte abnormalities include hyponatremia, hyper-
kalemia (in acute primary Al), and hypoglycemia. Hyponatremia can be profound as low as 111 mmol/L.'® It is important
to note that hyperkalemia is present in approximately 50% of children with primary AI'"'? Therefore, the absence of
hyperkalemia in the presence of severe hyponatremia cannot rule out adrenal crisis or primary Al in children.

Patients with primary Al may have higher risk of adrenal crisis than patients with central Al, due to mineralocorticoid
deficiency with greater risk of salt-losing hypovolemia and dehydration.

Rarely, hypercalcemia may occur in both chronic Al and adrenal crisis. Mechanisms for hypercalcemia in Al are
thought to be due to decreased renal excretion of calcium and increased bone resorption.®

It is important to note that in patients with central hypothyroidism and Al (as part of hypopituitarism) or primary
autoimmune Al in conjunction with primary hypothyroidism (as in autoimmune polyendocrine syndrome type II),
treatment initiation with levothyroxine without hydrocortisone replacement first may precipitate an acute adrenal crisis
because thyroid hormone increases cortisol metabolism.'*'* Clinicians must be aware of this and initiate hydrocortisone
treatment before thyroid hormone replacement.

Screening Strategies for Adrenal Insufficiency

Clinical Evaluation

Clinicians must have high index of suspicion of Al and a low threshold for testing for Al in any patients presenting with
unexplained collapse, dehydration, hypotension, vomiting or diarrhea, hyponatremia, hyperkalemia, acidosis and hypo-
glycemia (Table 2). Hyperkalemia is present only in primary Al, and can be masked by vomiting. As most symptoms are
non-specific, clinical clues that are most suggestive for Al should be looked for. One distinct clinical clue for primary Al
is hyperpigmentation which is a manifestation of increased ACTH level in response to primary adrenal failure. In
newborns, the nipples, axilla, umbilicus, and the genitalia should be inspected, whereas, in children, palmar creases,
axilla, and gingival borders should be examined for hyperpigmentation.

Neonates born with atypical genitalia should alert suspicion for CAH with symptomatic salt wasting and adrenal
insufficiency that may manifest in the first 1-3 weeks of life.

Other important clinical history to help delineating the etiology of Al includes family history of consanguinity which
may provide the clue to an autosomal recessive inherited disorder. Sex of the patient is also an important clinical clue for
X-linked recessive disorders that affect mainly males. These are adrenoleukodystrophy and congenital adrenal hypopla-
sia. Young age onset below 2 years suggests CAH, congenital adrenal hypoplasia, or familial glucocorticoid deficiency.
Childhood onset Al includes autoimmune adrenalitis, infective etiology, and adrenoleukodystrophy.

If there is a concern for impending acute adrenal crisis, the patient should receive hydrocortisone stress dose
immediately without delay or waiting for results of diagnostic tests. Blood samples for cortisol and ACTH measurement
should be obtained prior to treatment. If this is not possible, diagnosis can still be established later, even after
hydrocortisone treatment.

Laboratory Evaluation
Baseline Laboratory Studies
Once Al is suspected, endocrine laboratory testing is required to confirm the diagnosis. A morning (around 8 AM)
cortisol level <3 ug/dL (83 nmol/L) is indicative of Al, whereas serum cortisol concentration >18 ug/dL (497 nmol/L)
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virtually rules out AL'>'® Inappropriately low cortisol level at the time of stress or adrenal crisis indicates adrenal
insufficiency. Basal plasma ACTH is used to differentiate between primary and central Al, with high ACTH (typically
>100 pg/mL or 22.2 pmol/L) suggestive of primary Al. If the results are equivocal, an ACTH stimulation test should be
performed (see below section). Elevated plasma renin activity with low serum aldosterone confirms aldosterone
deficiency. Patients with mild or early stage of Al or central hypoadrenalism would often require additional dynamic
testing as described below.

Diagnostic approach for patients with suspected primary Al is outlined in Figure 2. Additional testing for differentia-
tion of the causes of primary adrenal insufficiency include adrenal autoantibodies (or 21-hydroxylase antibodies) with
positive results indicating autoimmune Al or Addison’s disease, elevated serum 17-hydroxy progesterone establishing
diagnosis of CAH. Plasma very long chain fatty acids should be obtained in all males diagnosed with primary Al without
evidence of autoimmunity to rule out X-linked adrenoleukodystrophy.

Dynamic Tests of Hypothalamic-Pituitary-Adrenal Function

ACTH Stimulation Test

ACTH stimulation test using either 1 pg (low-dose) or 250 ug (high-dose or standard test) of cosyntropin (1-24 ACTH;
Cortrosyn) to directly stimulate adrenal cortisol release is the most common diagnostic test to evaluate the HPA axis.
Baseline cortisol and ACTH are obtained prior to administration of cosyntropin. The rise in cortisol is measured at 30
and 60 minutes. A normal response to ACTH stimulation test is a peak serum cortisol >18 pg/dL (497 nmol/L). In
patients with acute ACTH deficiency or recent onset central Al, such as the patient who has just had a suprasellar tumor
resection with hypophysectomy, the high-dose cosyntropin stimulation test may produce a normal cortisol response. This
is because the test exposes the adrenal glands to overwhelming amount of ACTH and the adrenal reserve may still be
adequate to produce a normal cortisol response to exogenous ACTH, but there is no endogenous ACTH release in
response to stress.'’ The low-dose ACTH stimulation test is more sensitive in detecting mild Al or recent onset central
Al than the standard high-dose test.'®'® Technical difficulties with dilution error or loss of ACTH through long tubing

Presenting signs and symptoms suggestive of primary adrenal insufficiency
Fatigue, dizziness, weakness, nausea, vomiting, abdominal pain, fever, weight loss, failure to thrive and skin hyperpigmentation
Unexplained postural hypotension, hypoglycemia

4

| Serum electrolytes, cortisol, ACTH, renin |

l l Equivocal results

J cortisol, ™ ACTH High dose ACTH stimulation test:
+/- hyponatremia, hyperkalemia J peak cortisol, I ACTH
4 1

| Primary adrenal insufficiency |

Familial glucocorticoid deficiency
4 renin Triple A syndrome

Further evaluation for causes of primary adrenal insufficiency: Negative results, consider AHC,
Serum 17-PH progesterone, VLCFA in all males I~ rare forms of CAH, or other
Adrenal autoantibodies or 21-hydroxylase autoantibodies (>6 months) causes of adrenal damage
v 1 1
/1 17-OH progesterone 1 VLCFA Positive adrenal autoantibodies
- 21-OHD CAH - X-linked adrenoleukodystrophy -> Addison’s disease
1 1 4
Genetic test for CYP21A2 (in ABCD1 gene analysis Isolated or part of autoimmune
uncertain cases or for definitive Brain MRI polyglandular syndromes
diagnosis or genetic counseling)

Figure 2 Diagnostic approach for patients with suspected primary adrenal insufficiency.
Abbreviations: ACTH, adrenocorticotropic hormone; VLCFA, very long chain fatty acids; CAH, congenital adrenal hyperplasia; 21-OHD CAH, congenital adrenal
hyperplasia due to 21-hydroxylase deficiency; AHC, adrenal hypoplasia congenita.
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when using low dose 1 ug cosyntropin may influence diagnostic accuracy resulting in false-positive tests or low cortisol
response.”’ Suboptimal cortisol response does not distinguish between the primary and central Al. Baseline ACTH
concentration is used to differentiate between primary and central AI. High ACTH level indicates primary Al, whereas
low or low normal ACTH level indicates central AI. When the diagnosis of ACTH deficiency or central Al is made,
assessment for other pituitary hormone deficiencies must be performed because isolated ACTH deficiency is rare.

Clinicians need to be aware of different cortisol cutoff values that are assay-specific, when evaluating patients for Al
The newer highly specific cortisol assays with lower cross-reactivity to other steroid metabolites produce approximately
20-39% lower cortisol thresholds than the older, less-specific radioimmunoassays.”' >* Therefore, the cortisol cutoff
values can be lowered to 14—15 ug/dL (386-413 nmol/L) when using newer assays.>’ When using the classic threshold of
cortisol cutoff <18 ug/dL (497 nmol/L) with these newer assays, many more patients would have been given the
biochemical diagnosis of Al and may have been treated with hydrocortisone unnecessarily.

In neonates with congenital hypopituitarism, initial ACTH stimulation test performed during the first 1-2 weeks of
life to diagnose ACTH deficiency may produce a normal cortisol response even in the presence of central AL>* This is
explained by the fact that neonates with ACTH deficiency have a normal upregulation of fetal steroidogenic enzymes and
normal fetal adrenal maturation and steroidogenesis under the placental CRH stimulation,25 therefore, have sufficient
adrenal reserve that allows temporary normal cortisol response to exogenous ACTH administered shortly after birth.
Lack of pituitary ACTH secretion overtime will eventually cause the adrenocortical zonae fasciculata and reticularis to
undergo functional and anatomic atrophy, at which time a failed cosyntropin stimulation test will become evident.
Clinicians must recognize this phenomenon and repeat cosyntropin stimulation test again within a month when there are
clinical concerns for central Al in these at risk infants even after initial normal adrenal testing.>*

Insulin-Induced Hypoglycemia

Hypoglycemia produces a major stress response, with increases in counter-regulatory hormones, including ACTH,
cortisol, and growth hormone, therefore, is used to assess the integrity of the HPA axis. Serum cortisol is obtained at
baseline, 30, 45, 60, 90 and 120 minutes after regular insulin given intravenously at 0.1 unit/kg. This test was once
considered the gold standard for diagnosing Al, but is not recommended for use in children because of the risk of

hypoglycemic seizures.' >

Glucagon Stimulation Test

Glucagon stimulation test is a safe alternative to insulin-induced hypoglycemia in evaluating central Al. Serum glucose
and cortisol levels are assessed at 60, 90, 120, and 150 minutes after subcutaneous administration of glucagon at 0.03 mg/
kg (maximum 1 mg). The physiological mechanism by which glucagon induces cortisol release is believed to be due to
initial blood glucose rise after glucagon administration, which then evokes an endogenous insulin secretion, with
a subsequent decrease in blood glucose, which stimulates a counter-regulatory hormone response including growth
hormone and cortisol.”” Common side effects of glucagon include nausea, vomiting and abdominal cramps. Glucagon
stimulation test generates peak cortisol levels similar to those by insulin tolerance test,>’ but may have a high false-
positive rate (23.7%) in children (low cortisol on the glucagon test but normal peak cortisol on the ACTH stimulation

28,29

test).”® In children, peak glucagon-stimulated cortisol levels were inversely correlated with age and sex.”® Lower

peak cortisol cutoff for glucagon stimulation test has been suggested in adults.>*>'

Metyrapone Test

Metyrapone inhibits the conversion from 11-deoxycortisol to cortisol by blocking the 11B-hydroxylase enzyme. This
causes decreased cortisol level, with a subsequent rise in ACTH and 11-deoxycortisol levels, which are measured at 8
AM in the morning following oral metyrapone administration 8 hours prior (at midnight). The metyrapone dose at 30 mg/
kg, up to a maximum of 2 grams, is given with a snack to decrease the side effect of nausea. A normal response is the
increase in plasma 11-deoxycortisol to >7 pg/dL.** Lack of increase in ACTH and 11-deoxycortisol levels after
metyrapone administration indicates ACTH deficiency. The metyrapone test is rarely performed because of the risk of
precipitating an adrenal crisis or Al symptoms (hypotension and nausea) for several hours and other difficulties with
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obtaining metyrapone or performing ACTH and 11-deoxycortisol (compound S) assays, the results of which may not be

rapidly available.'>~?

Screening Considerations for Common Etiologies of Adrenal Insufficiency
1. Congenital adrenal hyperplasia (CAH).

CAH is the most common cause of primary Al in children, with a prevalence of 1:10,000—1:15,000 newborns. CAH is an
autosomal recessive disorder, most commonly caused by a deficiency of the 21-hydroxylase enzyme (>90% of cases),
leading to adrenal insufficiency and androgen excess. The cortisol synthetic block leads to increased ACTH which
stimulates the adrenal cortex, with accumulation of adrenal hormone precursors that are diverted to excess androgen
hormone synthesis.>* There are 3 clinical phenotypes of 21-hydroxylase deficiency: classical salt wasting, classical
simple virilizing, and nonclassical CAH. Classical salt-wasting CAH is the most severe phenotype, accounting for 75%
of classic cases. A cardinal feature of classic or severe virilizing CAH in newborn females is genital ambiguity, which
should alert clinicians to evaluate for CAH. Due to aldosterone deficiency secondary to severe 21-hydroxylase enzyme
deficiency, neonatal salt loss with life-threatening hypovolemia, hyponatremia, hyperkalemia, weight loss may occur
within the first 1-3 weeks of life, which may cause death, without early diagnosis or treatment. Simple virilizing CAH,
accounting for 25% of the classic cases, presents with early virilization but no salt loss because there is 1-2% of the 21-
hydroxylase enzyme activity present. These patients have cortisol deficiency, but aldosterone production is sufficient to
maintain normal sodium balance. Nonclassical CAH or late-onset CAH has about 20-50% of the 21-hydroxylase enzyme
activity present; therefore, aldosterone production is normal and ACTH-stimulated cortisol levels are near normal or

slightly subnormal.*”

Affected patients have mild androgen excess presenting with early adrenarche, growth acceleration
and advanced bone age.

When CAH is clinically suspected in newborns present with ambiguous genitalia, serum 17-hydroxy progesterone is
obtained to confirm or exclude diagnosis.** Currently, all 50 states in the United States and >50 countries worldwide have
newborn screening program for 21-hydroxylase deficiency, enabling early diagnosis and prevention of morbidity and
mortality due to adrenal crisis.*® The newborn screening is particularly important and beneficial in affected boys whose
diagnosis is frequently delayed without newborn screening owing to the lack of genital ambiguity. Abnormal newborn
screening should prompt confirmatory serum 17-hydroxy progesterone and electrolytes. Newborns with classical CAH
typically have markedly elevated serum 17-hydroxy progesterone levels (always >1000 ng/dL or 30 nmol/L, usually
>3500 ng/dL or 105 nmol/L; levels increase with time in infants with CAH to >10,000 ng/dL or 300 nmol/L). A single
basal measurement is all that is required to make the diagnosis and treatment with hydrocortisone and fludrocortisone can
be initiated. For indeterminate 17-hydroxy progesterone levels (200—-1000 ng/dL or 6-30 nmol/L), high-dose cosyntropin
stimulation test (125 pg in neonates; 250 pg in children) is needed. Samples should be obtained at baseline and 60
minutes after cosyntropin. Low cortisol and elevated 17-hydroxy progesterone levels confirm CAH. Classical CAH
typically has stimulated 17-hydroxy progesterone >10,000 ng/dL (300 nmol/L), with simple virilizing CAH having
stimulated level between 10,000 and 30,000 ng/dL (300900 nmol/L), and salt-wasting CAH much greater than 30,000
ng/dL (900 nmol/L). Nonclassical CAH has stimulated 17-hydroxy progesterone between 1000 and 10,000 ng/dL (30—
300 nmol/L).>"-3®

2. Al and Type 1 diabetes mellitus (T1D).

T1D is an autoimmune disease that is often associated with other autoimmune diseases. These include autoimmune
thyroid disease (hyper- or hypothyroidism) with frequency of 15-30%, celiac disease (4—9%), and autoimmune adrenal
failure or Addison’s disease (0.5%).*® Up to 3% of patients with type 1 DM have positive adrenal autoantibodies that are
detected prior to the development of symptomatic AL** A previous natural history study indicates that 40% of patients
with positive adrenal autoantibodies developed Addison’s disease.*' Currently, there are no specific guidelines for routine
screening of Addison’s disease in asymptomatic patients with type 1 diabetes. Clinicians should assess and screen for
Addison’s disease based on clinical ground. Aside from typical symptoms of Al including fatigue, weight loss, salt
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craving, and hyperpigmentation of skin, unique symptoms to look for in patients with type 1 DM are unexplained
recurrent hypoglycemia or decreased insulin dose requirement.*> Cortisol deficiency results in enhanced insulin sensi-
tivity which leads to an increased peripheral glucose utilization, and reduced glycogenesis and gluconeogenesis.’”
Baseline morning cortisol and ACTH should be obtained as a screening test. ACTH stimulation test may be obtained

to confirm diagnosis.
3. Adrenoleukodystrophy (ALD).

Adrenoleukodystrophy is an X-linked neurodegenerative disease caused by mutations in the ABCDI gene, encoding
protein that transports very long chain fatty acids (VLCFAs) to the peroxisome. The mutations in this gene cause
peroxisomal membrane protein deficiency leading to toxic accumulation of VLCFAs in the plasma, white matter, spinal
cord, and adrenal cortex, resulting in primary Al, neurologic deterioration and death. There are 3 main clinical
phenotypes: primary Al, cerebral ALD (characterized by progressive white matter demyelination) and adrenomyelo-
neuropathy (spastic paresis, gait instability, and incontinence). ALD affects predominantly males with an incidence of 1/
15,000-20,000 live male births.*> In males, the first manifestation of ALD is usually AI, which has been reported to
occur as young as 5 months of age.** Cerebral ALD can occur at any age, with earliest age onset of 3 years. Majority of
boys with ALD will demonstrate biochemical or clinical evidence of primary Al prior to the onset of neurologic
symptoms, with lifetime prevalence of 80%.*> Therefore, all males diagnosed with primary AI should have plasma
VLCFAs obtained to rule out X-linked ALD. Early diagnosis of ALD is the key to prevent mortality, as early intervention
with life-saving hematopoietic cell transplant can arrest cerebral ALD progression, while delayed diagnosis of ALD after
onset of primary Al is associated with poor survival and neurological outcomes.*® ALD newborn screening allows early
diagnosis with prospective monitoring for adrenal function and the onset of cerebral ALD. ALD newborn screening has
been developed by measuring VLCFA levels in dried blood spots, was first initiated in New York in 2013, added to the
Recommended Uniform Screening Panel in 2016.***7 Currently, newborn screening for ALD has been implemented in
30 states and Washington DC with continuing expansion. Once ALD is diagnosed by newborn screening, all male infants
should be referred to pediatric endocrinologists for evaluation for adrenal dysfunction which should be initiated in the
first 6 months of life by measuring morning serum cortisol and ACTH levels. If these are abnormal, then ACTH
stimulation test is indicated. Counseling regarding risk for Al should be provided. Adrenal testing should be performed
when Al symptoms manifest; otherwise, routine adrenal testing should be done every 4—6 months until age 10 years
(because the risk of Al is highest in the first decade of life, 47%), and once yearly thereafter until age 40 years.*>** Once
Al is diagnosed, stress hydrocortisone should be given at the time of stress and prior to sedated magnetic resonance
imaging of the brain. Maintenance corticosteroids may also be given as clinically indicated.

4. Steroid-induced adrenal insufficiency.

Glucocorticoids are widely used for their anti-inflammatory and immunosuppressive actions. Prolonged glucocorticoid
use can cause a possible unwanted effect which is the suppression of the HPA axis, leading to secondary Al. The
Pediatric Endocrine Society recommends that adrenal suppression be considered in all children who have received
supraphysiologic doses of oral daily glucocorticoids (>12 mg/m2/day hydrocortisone or equivalent) for >2 weeks."”
Adrenal suppression may also occur after long-term use of inhaled glucocorticoids or high potency topical
corticosteroids.*>** Glucocorticoid-induced Al is considered to be the most common causes of Al. Although it is not
possible to predict which patients will develop Al, the long duration, high glucocorticoid dosage and potency, long half-
life, and time of administration increase the risk." AI can occur after abrupt discontinuation of long-term glucocorticoid
therapy, either inadvertently (ie, patients have surgery and do not receive stress dose hydrocortisone coverage peri-
operatively) or during gastrointestinal illnesses with vomiting that inhibits normal absorption of glucocorticoids.

Al can also occur after discontinuation of long-term glucocorticoid therapy. There are no evidence-based guidelines
on how to best taper glucocorticoid.’’** A gradual tapering is generally recommended with close monitoring for signs
and symptoms of Al, especially when the glucocorticoid dose is near physiologic dose (12 mg/m2/day hydrocortisone or
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equivalent), at which time switching to short-acting hydrocortisone is advisable. Clinicians should have a low threshold
to test and treat for Al in patients experiencing Al symptoms during the tapering process or after cessation of
glucocorticoids. Morning cortisol should be assessed as the initial screening in patients at high-risk for AI when the
glucocorticoid dose is reaching half the physiologic dose or less to guide management.>> The HPA axis is intact when
morning cortisol is >18 ug/dL (>500 nmol/L) (assay dependent) and glucocorticoids can be discontinued (Figure 3).
When morning cortisol values 7—18 ug/dL (193-500 nmol/L), adrenal function is likely adequate for non-stressed state,
but may be inadequate at the time of stress. Therefore, daily hydrocortisone is discontinued but stress hydrocortisone
coverage at time of stress is continued until ACTH stimulation test is performed to document recovery of adrenal
function. Glucocorticoid-induced Al is possible in patients with morning cortisol <7 ug/dL (<193 nmol/L). Daily
hydrocortisone with stress-dose coverage should be continued and adrenal function should be reassessed over time.>”
Clinicians should educate patients about the risk and symptoms of Al and “steroid-induced adrenal suppression” should
be on the “Problem List” in the patient’s medical records, to alert other health-care providers caring for patients in the

urgent care or emergency department for the risk of Al
5. Autoimmune polyglandular syndromes.

Autoimmune Al or Addison’s disease is one of the common causes of primary Al and can be isolated or in association
with other endocrine autoimmune diseases. Clinicians managing patients with single endocrine autoimmune diseases
need to consider the possibility of development of other autoimmune endocrine disorders. Autoimmune polyglandular
syndromes (APSs) comprise a group of organ-specific autoimmune diseases. APS type 1 and type 2, the two common
types of APS, are associated with Addison’s disease. APS type 1 is characterized by the presence of two of the following:
mucocutaneous candidiasis, hypoparathyroidism, and Addison’s disease. Candidiasis is usually the first manifestation,
followed by hypoparathyroidism. Addison’s disease tends to be the third disease to appear, usually before age 15 years.>
APS type 1 diagnosis can be confirmed by mutational analysis of the A/RE gene. APS type 2 is defined by the
combination of chronic autoimmune Al (Addison’s disease) with autoimmune thyroid disease and/or type 1 diabetes
mellitus. Other autoimmune diseases associated with APS type 1 and 2 include keratitis, autoimmune hepatitis,
pernicious anemia, celiac disease, vitiligo, or primary ovarian insufficiency. After diagnosis of APS type 1 without Al

Morning cortisol > 18 ug/dL Morning cortisol 7-18 ug/dL Morning cortisol <7 ug/dL
(or >500 nmol/L)* (or 193-500 nmol/L)* (or <193 nmol/L)*
HPA axis has recovered. Discontinue daily Continue daily hydrocortisone
Discontinued hydrocortisone hydrocortisone, but continue and stress-dose coverage
4 stress-dose coverage Reassess in 1 month
Perform low-dose ACTH
stimulation test in 1-2 months

+ 4

Peak cortisol > 18 ug/dL Peak cortisol < 18 ug/dL Stress-dose coverage is
(or >500 nmol/L)* (or <500 nmol/L)* required at time of
stress until normal peak
cortisol is obtained on
repeated ACTH
stimulation test
overtime

Figure 3 Screening and assessment of recovery of the hypothalamic-pituitary-adrenal axis after corticosteroid withdrawal. After reaching half the physiologic dose of
hydrocortisone (<5 mg/m?/day), obtain morning serum cortisol to determine if daily and stress dose hydrocortisone can be discontinuation. *Serum cortisol cutoff values are
assay dependent and may be lower with newer cortisol assays. Reprinted from Bowden SA, Connolly AM, Kinnett K, Zeitler PS. Management of adrenal insufficiency risk
after long-term systemic glucocorticoid therapy in Duchenne muscular dystrophy: clinical practice recommendations. /| Neuromuscular Dis. 2019;6(1):31-41, with permission
from 10S Press. The publication is available at I0S Press through http://dx.doi.org/doi: 10.3233/JND-180346.5
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is made, adrenal autoantibodies should be obtained as a screening test for Al If adrenal autoantibodies are present, yearly
morning cortisol and ACTH should be obtained; if abnormal, ACTH stimulation test should be performed for early
detection of AL>’

Conclusion

Early recognition and diagnosis of Al is crucial to prevent morbidity and mortality associated with adrenal crisis. Clinicians
must be aware of the extensive list of conditions or precipitating factors associated with Al and various clinical scenarios
that different causes of Al may present (Table 1). Improved screening strategies as well as clinician education for timely
diagnosis and treatment of Al is central to the management of this life-threatening medical emergency.
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