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Novel insights into glucocorticoid
replacement therapy for pediatric and
adult adrenal insufficiency
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Abstract: Adrenal insufficiency is defined as impaired adrenocortical hormone synthesis.
According to its source, the deficit is classified as primary (adrenal steroidogenesis impairment],
secondary (pituitary adrenocorticotropic hormone deficit) or tertiary (hypothalamic corticotropin-
releasing hormone deficit]. The management of adrenal insufficiency resides primarily in
physiological replacement of glucocorticoid secretion. Standard glucocorticoid therapy is
shrouded in several controversies. Along the difficulties arising from the inability to accurately
replicate the pulsatile circadian cortisol rhythm, come the uncertainties of dose adjustment and
treatment monitoring (absence of reliable biomarkers). Furthermore, side effects of inadequate
replacement significantly hinder the quality of life of patients. Therefore, transition to circadian
hydrocortisone therapy gains prominence. Recent therapeutic advancements consist of oral
hydrocortisone modified-release compounds (immediate, delayed and sustained absorption
formulations) or continuous subcutaneous hydrocortisone infusion. In addition to illustrating

the current knowledge on conventional glucocorticoid regimens, this review outlines the latest
research outcomes. We also describe the management of pediatric patients and suggest a novel
strategy for glucocorticoid replacement therapy in adults.
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Introduction

Adrenal insufficiency (AI) was first described by
Thomas Addison in 1849, during a session of the
South London Medical Society, as a form of ane-
mia in adults suffering from fatigue, muscle weak-
ness, loss of appetite, and eventually heart failure.!
Three patients were autopsied and in all of which
Addison described ‘a diseased condition of the
suprarenal capsules. Life expectancy of those
patients was greatly improved after the discovery
of cortisol by Hench, Kendall and Reichtein in
the late 1930s, and the first-in-man use of syn-
thetic deoxycorticosterone acetate to treat patients
suffering from AI.1-2

Al corresponds to an impaired adrenocortical
hormone secretion due either to an adrenal
(primary insufficiency) or a hypothalamo-pituitary

pathology (respectively secondary and tertiary
insufficiency). While primary forms are associated
with both glucocorticoid and mineralocorticoid
deficiencies, the secondary and the tertiary forms
only exhibit cortisol deficiency.?* Al is a rare dis-
ease, with a prevalence of the primary form esti-
mated at 93—144 cases per million, whereas cases
of secondary Al (SAI) are believed to be twice as
numerous.®> Auto-immune aggression of the adre-
nal gland accounts for the vast majority (90%) of
primary Al (PAI), the remaining being infectious
diseases (e.g. tuberculosis), cancers, surgery, and
congenital forms.%” Genetic defects of steroido-
genesis include various forms of congenital adrenal
hyperplasia (CYP2142, CYPIl1BI, HSD3B2,
CYP17A1, POR mutations), and syndromic (e.g.
adrenoleukodystrophy) or familial (e.g. familial
glucocorticoid deficiency) forms.® Glucocorticoid
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therapy or a tumor affecting the hypothalamo-
pituitary region are the major causes of secondary
and tertiary forms of Al

The typical clinical picture of AI displays the
symptoms described by Addison himself, and may
include low blood pressure, hyponatremia and
hyperkalemia or hypoglycemia. However, the diag-
nosis of Al is challenged by the numerous cases of
a- or pauci-symptomatic Al. The diagnosis of Al
may thus be evoked on the basis of low serum total
cortisol levels (measured before 09:00) and low
DHEA-S levels for age and sex, as this sulfated
form of androgen is specific to the adrenals. The
level of adrenocorticotropic hormone (ACTH) is
suggestive of PAI when doubled and associated to
low morning cortisol (<140nmol/l).° Diagnosis is
confirmed by short 250 ug ACTH test with cortisol
failing to rise above 500 nmol/l or 18 ug/dl.? Plasma
renin level, associated to the measurement of
aldosterone, is a reliable diagnostic criterion for
mineralocorticoid deficiency.

The treatment of AI consists of physiological
replacement of glucocorticoid secretion accom-
panied or not by mineralocorticoid substitution.
However, endogenous cortisol production is dif-
ficult to accurately reproduce, because of inter-
and intra-individual variability of glucocorticoid
secretion and the lack of reliable biomarkers of
treatment monitoring.58 These difficulties are
responsible for important discordance in substi-
tution protocols among practitioners, and the
lack of precise guidelines.

Defining an appropriate glucocorticoid regimen
poses numerous challenges, the most important
being the implementation of an individualized
approach to physiological cortisol secretion and pre-
venting under- and overtreatment. Recent data
showed that suboptimal replacement therapy gener-
ates a twofold increased risk of mortality from car-
diovascular  disease, infectious disease and
cancer.!%1l Underdosed regimens generate meta-
bolic disturbances,!21> whereas overdosed ones
induce hypercortisolism-related anomalies such as
impaired glucose metabolism, insulin resistance,
obesity, and hypertension.!6-1° In addition, a recent
review?? has outlined that both temporary over- and
underdosed regimens greatly increase the risk for
cerebrovascular diseases. Our review aims to
describe glucocorticoid replacement therapy (GRT)
in both pediatric and adult chronic Al, and to pro-
pose a new prescription regimen of GRT in adults.

Physiological endogenous cortisol
production

Hypothalamic-pituitary-adrenal axis

The central pacemaker located in the hypotha-
lamic suprachiasmatic nuclei (SCN) generates
circadian and ultradian rhythmic signals which
regulate the activity of the hypothalamic—pitui-
tary—adrenal axis (HPA).!® While the circadian—
nyctohemeral rhythm controls daily variation, the
ultracircadian one controls short-term level varia-
tions with pulsations every 15 min.2! The SCN
pulsatility initiates corticotropic-releasing hor-
mone (CRH) production in the neuroendocrine
neurons of the hypothalamic paraventricular
nuclei. As a result, CRH induces the pituitary
synthesis of ACTH, which determines glucocorti-
coid hormones production through steroidogen-
esis in the zona fasciculara of the adrenal cortex.18:21
Finally, via a negative feedback loop, steroid hor-
mones will inhibit the HPA axis.!°

Circadian clock system

The most intriguing aspect of the adrenal gluco-
corticoid synthesis is by far its pulsatile secretion.
Apart from the well-known role of the SCN, the
adrenal gland itself integrates a circadian clock that
regulates the sensitivity of adrenocortical cells to
ACTH and which sets specific time intervals for
maximal response.®22 The adrenal molecular
clockwork exhibits autonomous activity and can be
modulated by the activation of the autonomic
SCN-adrenal pathway (adrenal gland innervation
through splanchnic nerve).!® Furthermore, rhyth-
mic expression of clock (i.e. CLOCK or BMALI1)
and steroidogenic pathway proteins (i.e. steroido-
genic acute regulatory protein) in the zona fascicu-
lata accompanies the rhythmicity of cortisol
secretion in plasma and brain.2223

Interactions between central and peripheral cir-
cadian clocks result in releasing zenith concen-
trations early in the morning (plasma surge
between 04:00 and 08:00) and nadir concentra-
tions late at night (less than 50% of the morning
value).?3:2¢ Four distinct secretory phases have
been formally described: a minimal secretion
occurring 4 h prior and 2 h after sleep onset, fol-
lowed by nocturnal production between the third
and the fifth hours of sleep, followed by a main
secretory phase consisting of three to five epi-
sodes between the sixth and the eighth hours of
sleep which prolongs during the first hour of
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Table 1. Characteristics of clinical evaluations of endogenous cortisol production in healthy subjects.

Study Patients, Age, sex Measurement Cortisol production rate
n technique

Purnell et al.28 54 Adults, M + F Stable isotope dilution 7 mg/m?/ day
(LC/MS)

Linder et al.?? 33 Children, Stable isotope dilution  4.9-8.7 mg/m?/day

teenagers, M + F (LC/MS)

Esteban et al.?’ 12 Adults, M + F Stable isotope dilution 5.7 mg/m?/day
(LC/MS)

Kerrigan etal.26 18 Puberty, M Deconvolution analysis ~ 5-6.5 mg/m?/day

Kraan et al.3 4 Adults, M Stable isotope dilution ~ 9-11 mg/m?/day
(LC/MS)

Brandonetal3 22 Children and Stable isotope dilution Children: 4.6 mg/m2/day

adults, M + F

(LC/MS]) Adults o*: 8.7 mg/m?/ day;

Adults £: 6.3 mg/m?/ day

F, female; LC, liquid chromatography; M, male; MS, mass spectrometry.

wakefulness, and an intermittent secretory phase
consisting of up to nine episodes during 2-12 h
in the waking period.??

Cortisol production rate

The cortisol production rate demonstrates a high
rate of variability both intra- and interperson-
ally.?425 Established confounding factors are
weight, age, sex, cortisol-binding proteins, and
cortisol metabolism.2?¢ Studies (Table 1) evaluat-
ing the total amount of cortisol produced daily in
adults in physiological conditions, by using iso-
tope dilution and measurement by gas-chroma-
tography mass spectrometry, have identified
oscillating values between 5 and 11mg/m?day
with a mean of 7 mg/m?/day.?” Although pubertal
status was not always notified in cohort studies,
children and women are described to have
lower cortisol production rates (5—6 mg/m?/day),
whereas elders have lower peak and higher nadir
values compared with youngsters.22-26:27

Physiological roles of glucocorticoids

Glucocorticoid receptors

Glucocorticoids elicit ubiquitous roles and
govern resting and stress-related homeostasis
through their genomic actions.® Pleiotropic
effects are mediated by the glucocorticoid
(GRs) and mineralocorticoid receptors (MRs),

members of the nuclear receptor superfamily
that regulates gene transcription in a ligand-
dependent manner.3? GR gene NR3CI (nuclear
receptor subfamily 3, groupC member 1) is
located on chromosome 5q31-32. Alternative
splicing of exon 9 produces two distinct receptor
isoforms: the o GR that is ubiquitously expressed
in every cell (except for SCN) and which binds
glucocorticoids, and the 8 GR that does not bind
glucocorticoids, and which represses the tran-
scriptional activity of the « isoform.832

Glucocorticoid binding induces a conforma-
tional change in the receptor with dissociation
from the chaperon heat proteins and immuno-
philins. After translocation into the nucleus, the
activated o GR binds to the specific glucocorti-
coid response elements within the promoter
sequences of the target genes, and regulates
their transcription.3? Global gene expression
analysis demonstrated that glucocorticoids
influence up to 20% of the human leukocyte
transcriptome, with two thirds of them being
induced and one third being suppressed.3?
Besides DNA direct binding, gene expression
modulation can be performed by physical inter-
actions with other transcription factors such as
activator protein-1 (AP-1), nuclear factor-xB
(NF-«kB), and signal transducers and activators
of transcription (STATSs).® At the end of secre-
tory pulses, the a GR-cortisol complex is
destroyed by the proteasome.3*
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Role on the immune system

Repression of the activities of AP-1 and NF-«B,
considered the central mediators of inflamma-
tory and immune response through induction of
the expression of various proinflammatory
cytokines [e.g. interleukins 2, 3, and 6; tumor
necrosis factor-a (TNF-a)], sets the pathway
for the major anti-inflammatory and immuno-
suppressive actions.32:35 Furthermore, by syner-
gistically enhancing the activity of STAT3 and
STATS5, the a GR-—cortisol complex protects
cells at sites of injury or inflammation from suc-
cumbing to inflammation-induced apoptosis.32
Another mechanism involved in immune-
response regulation is the initiation of pro-
grammed cell death in immune cells (i.e. T
lymphocytes, eosinophils, mast cells, dendritic
cells). Glucocorticoids inhibit T- and B-cell
proliferation, natural Kkiller cell (NK) activity,
and differentiation of macrophages, and limit
TNF-a toxicity and lymphocyte response to
interleukin 2 (IL-2).33

Metabolic effects

Glucocorticoids mainly exert catabolic actions
in muscle and adipose tissue, and anabolic
effects in liver.8 Cortisol acts as a counter-regu-
latory hormone for glucose metabolism, antago-
nizing insulin roles, and creating the premises
for diabetogenic effects of excessive glucocorti-
coids. The hyperglycemic effect is attained
through stimulation of hepatic gluconeogenesis
and glycogenesis, mobilization of peripheral glu-
coneogenic substrates, potentiation of glucagon
and epinephrine effects on glycogenolysis and
gluconeogenesis, and inhibition of peripheral
glucose utilization.32 In adipocytes, glucocorti-
coids stimulate free fatty acid release and inhibit
glucose transport and leptin action, thus favor-
ing central obesity when in excess.33

On the cardiovascular system, the main role of
glucocorticoids is the maintenance of normal
blood pressure. This results from the enhance-
ment of vascular reactivity to vasoactive agents
(angiotensin II, norepinephrine) through expres-
sion of o;B and [, receptors, the induction of
Ca?* voltage-dependent channels in vascular
smooth muscle cells, the induction of Na/K-
adenosine triphosphatase (ATPase) in cardiomy-
ocytes, and the inhibition of cyclooxygenase
and inducible nitric oxide synthase.3> As for
the hydro-electrolytic balance, glucocorticoids

directly increase epithelial Na* absorption and
K* secretion; they also exhibit a natriuretic and
diuretic effect through stimulation of atrial natriu-
retic factor secretion.3233

Influences on central nervous system
Endogenous glucocorticoids play a fundamental
role in various central nervous system functions
such as behavior, mood, sleep—wake cycle, learn-
ing, and memory.3%37 Excitability and electrical
activity of neurons is modulated through the GRs
in neurons and glial cells, the MRs expressed in
the dentate gyrus, pyramidal cells of the hip-
pocampus and other areas of the limbic system.
Basal cortisol levels maintain neuronal excitabil-
ity by MRs and stress-induced levels suppress
stimulated neuronal activity via GRs. Both deficit
and excess of corticosteroids can cause loss of
hippocampal neurons.33

From a behavioral standpoint, cortisol regulates
early-life programming of stress reactivity and
controls appetite (peak coincides with hormone
circadian zenith), feeding and food-seeking
behavior; it also influences the sleep—wake cycle
(evening  cortisolemia induces insomnia).
Cognitive effects reside in memory consolidation
and retrieval through enhancing hippocampal
excitability and synaptic plasticity. At basal levels,
glucocorticoids interact with specific receptors
located in the prefrontal cortex, hippocampus
and basolateral amygdala, promoting a neuropro-
tective effect. Acute cortisolemia temporarily
impairs long-term memory functions and inhibits
traumatic memory retrieval.3” Harbeck and col-
leagues have shown that elevated levels of cortisol
can exert a negative impact even on short-term
memory performance.?>

The influence on hippocampal function is also
conveyed through the roles played in sleep phys-
iology. Cortisol is able to initiate and maintain
both REM (rapid eye movement) and non-REM
sleep cycles. Nocturnal concentration variations
influence the transition from one cycle to
another with higher levels that arrive late at
night corresponding to REM cycle followed by
the zenith value early in the morning preceding
the non-REM stage.3® As a result of pulsatile
secretion loss, patients with Addison disease
experience disrupted sleep architecture consist-
ing of multiple night awakenings and difficulties
in falling asleep.3®
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Figure 1. Physiological effects of cortisol.

Stress-related actions

All the baseline physiological roles culminate with
the regulation of stress-related homeostasis.33
Acute stressors increase glucocorticoid produc-
tion through activation of the HPA axis that will
further interact with the other components of the
stresssystem (i.e. locus caeruleus) .** Glucocorticoids
control the organism’s adaptive response through
permissive actions (maintenance of primary
homeostatic defense mechanisms) and suppres-
sive effects (limitation of overactivated defense
mechanisms).33 Under stressful conditions, they
also influence the circadian clock system. They
temporarily disconnect the peripheral clocks from
the central one which will restore connections a
few days after the end of the stress event.40

An overview of the relevant effects of cortisol is
available in Figure 1.

Standard glucocorticoid therapy

Short-acting glucocorticoids

In both pediatric and adult Al, pharmacological
treatment relies on oral replacement therapy,
mainly with hydrocortisone (HC), a short-acting
glucocorticoid. Another option is cortisone acetate

Cortisol

Stress reactivity regulation

Control of sleep-wake cycle,
appefite, memory,..

Enhancement of vascular
reactivity to vasoactive
agents

4 Na* reabsorption and
K* secretion

Anti-inflanmatery and

immunosuppressive
actions

A

- Bone resorption

which is less preferred due to the necessity of
hepatic activation by the 11B-hydroxysteroid
dehydrogenase type I and the lack of absorption
when administered intramuscularly.4! A mean
cortisol production rate of 5-11mg/m?/day is
equivalent to 7.5-15mg/m?*day of HC and to
20 mg/m?/day of cortisone acetate.® The Endocrine
Society guidelines recommend a total daily dose
between 15 and 25 mg of HC divided into two or
three digressive doses; the highest dose given in
the morning, the second one either 2h after lunch
(two-dose regimen), either at noon followed by a
third dose in the evening, 4-6h before bedtime.
As for cortisone acetate, the recommended dose is
between 20 and 35 mg per day.*?

Pharmacokinetics and pharmacodynamics. HC, a
11B-hydroxyl compound corresponding chemi-
cally to 11B,17«,21-trihydroxypregn-4-ene-3,20-
dione (formula C,,H;,05; molecular weight of
362.5 g/mol/l), is highly permeable with a gastro-
intestinal rate of absorption, without hepatic
bioactivation, of about 93-96% for an oral dose
of 20mg.4345 After intravenous administration,
the distribution phase of HC has an 8-min
half-life, whereas the half-life of HC is 90min
after oral administration.*® The absorption
of HC is equivalent regardless of the route of
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administration (intravenous, intramuscular, gas-
tric, sublingual).¥’” Jung and colleagues*® have
compared peak serum cortisol levels after a physi-
ological HC dose of 20mg and a stress dose of
50mg in a group of eight healthy adults (endoge-
nous production previously suppressed by dexa-
methasone). While important peaks of serum
cortisol were noticed within 30 min after intrave-
nous administration, similar levels were identified
2h after both oral and intravenous administra-
tion. An interesting finding was the supraphysio-
logical serum cortisol levels observed after an oral
dose of 20 mg.

Once in the bloodstream, 95% of HC binds to
plasmatic proteins (67-87% to cortisol binding
protein, which has a high affinity and a low
capacity, and 7-19% to albumin, which exhibits
a low affinity and a high capacity), only the
free cortisol fraction being biologically active.
Supraphysiological doses of HC overpass binding
capacities when serum cortisol levels exceed
200ng/ml, the albumin-bound fraction rises and
the free cortisol fraction increases up to 25%.%°
The increase of serum free cortisol levels leads to
an increased hepatic and renal clearance,’®
explaining the nonlinear relationship between
oral HC dose and serum cortisol levels. Toothaker
and colleagues have shown that HC’s iz vivo dis-
solution is reduced at high doses: oral administra-
tion of HC doses from 5 to 40mg generates
disproportionate plasmatic values.*%5! In a clini-
cal study, three healthy adults (with endogenous
production previously suppressed by dexametha-
sone) attained C,,, serum cortisol levels of 199,
393 and 419 ng/ml, 1.0, 1.0 and 1.7 h after receiv-
ing 10, 30 and 50mg of oral HC, respectively.52

Free cortisol binds GRs and MRs through medi-
ation of 11BR-hydroxysteroid dehydrogenase
enzymes (113HSD) type 1 (with a low affinity
and high capacity) expressed mainly in the liver
and of 11BHSD type 2 (with a high affinity and
low capacity) expressed mainly in the kidney but
also in other mineralocorticoid target tissues
such as salivary glands, colon and placenta.53:5¢
11BHSD type 1 reduces cortisone (inactive
form) to cortisol thus regenerating cortisol and
maximizing glucocorticoid effects.5%55 The
intense regenerative activity makes it difficult to
evaluate the actual intracellular impact of a peak
of serum cortisol which is usually attained 1 h
after oral administration with a distribution vol-
ume of 34 1.4> 113HSD type 2 oxidizes cortisol

to cortisone-protecting cells from mineralocorti-
coid effects of cortisol excess.’* High normal
physiological serum cortisol can saturate the
enzyme leading to MR activation with renal Na™
retention and consecutive hypertension.>>

Furthermore, cortisol and cortisone are metabo-
lized to tetrahydrocortisol, 5a-tetrahydrocortisol
and tetrahydrocortisone which are excreted in the
urine (50% of the secreted cortisol). A decreased
activity of 11BHSD type 2 can be detected through
measurement of urinary cortisol metabolites
(increased ratio between tetrahydrocortisol,5a-
tetrahydrocortisol and tetrahydrocortisone).>*
Another urinary metabolite is 6-B-hydrocortisol,
produced after 6B-hydroxylase (CYP3A4) metab-
olization.>¢ CYP3A4, an enzyme of the cytochrome
P450 superfamily, is a minor pathway (1%), but it
can be induced by certain drugs and in case of
hypercortisolism.>” Excretion of HC is bimodal,
75% biliary and 25% urinary, independently of
the route of administration.%

Clinical relevance. In the pediatric population,
the main cause for PAI is congenital adrenal
hyperplasia (CAH) in preschool children, fol-
lowed by autoimmune insufficiency in adoles-
cents.’® HC is the treatment of choice for
physiological cortisol replacement, the main
advantages being its low potency and short dura-
tion of action, which facilitate dose titration.4259-61
HC is also associated with fewer side effects hav-
ing a lower impact on linear growth compared
with long-acting corticosteroids.>®-%2 A study per-
formed by Bonfig and colleagues® on 125 patients
with CAH treated with prednisone until final
height was reached showed a significantly reduced
adult height compared with estimated target
height. Moreover, the HC dose levels at the begin-
ning of puberty were negatively correlated with
final height. Whenever the dose exceeded
20mg/m?/day in infants and 15-17 mg/m?/day in
adolescents, shorter adult height occurred.52-63

Up to 95% of CAH stem from mutations in
CYP21A2 with a subsequent 21-hydroxylase defi-
ciency, resulting in cortisol secretion impairment
with increased pituitary ACTH release and exces-
sive adrenal androgen synthesis.’® Therefore,
besides replacing cortisol secretion, the aim of HC
therapy is to suppress androgen overproduction to
prevent virilization and to ensure optimal growth
and fertility.>8:61 CAH treatment protocols require
high HC doses: up to 25mg/m?/day in early
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infancy and between 10 and 15mg/m?/day after
the first year of life.1:63 The main therapeutic
challenge is to strike a balance between hypercor-
tisolism and hyperandrogenism, the recommen-
dation being to reduce HC doses immediately
after reaching target levels of androgens. Yet this
balance may be perturbed by the increase in corti-
sol clearance during puberty.52

For other types of pediatric PAI, the total HC
dose ranges from 7 to 12mg/m?2/day, with a
starting dose of 8mg/m?/day.2 The recom-
mended regimen is usually a thrice-daily admin-
istration. The daily dose of HC tends to be
higher than the mean physiological cortisol pro-
duction rate because of the short half-life and
the partial destruction by gastric acidity.>%:%2 In
central Al (secondary or tertiary), treatment
aims towards a lower daily HC dose, between 7
and 9mg/m?/day, divided in three doses.>®
Because central insufficiency most frequently
results from a partial ACTH deficit, overtreat-
ment can occur at lower-range HC doses and
treatment must be cautiously titrated.>%:64-%6 On
the other hand, suboptimal dosing generates
nocturnal hypocortisolemia with subsequent
hypoglycemia that can hinder neurological
development in small children.5”

Long-acting glucocorticoids

Long-acting glucocorticoids such as prednisone,
prednisolone and dexamethasone are an alternative
to HC in adolescents who have reached final
height, or in adults. Standard regimens consist of
a twice-daily administration.#¢ Main indications
are lack of compliance to a multidaily regimen
and severe impairment of quality of life (QoL) as a
result of circadian cortisol rhythm mismatches.45:46
Prednisolone is preferred over prednisone because
it does not necessitate hepatic activation through
11BHSD type 1. The recommended dose of
prednisone ranges from 3 to 5mg per day in PAI,
administered orally once or twice.#? In CAH, the
usual prednisone dose is between 2 and 4 mg/m?/
day and should represent one fifth of the HC
dose.%2 Dexamethasone is administered once a day
at a dose range between 0.25 and 0.375 mg/m?/day.
As emphasized by the Endocrine Society,*? dexa-
methasone is not recommended for children
because of its long-acting properties and is usually
disregarded in pregnant women because it does not
undergo placental inactivation. Furthermore, dexa-
methasone may trigger adrenal crisis if no concur-

rent fludrocortisone 1is given, as it does
not exert mineralocorticoid activity. Also, due to
difficulties for dose titration, patients under
dexamethasone substitution are at increased
risk of Cushing-like side effects. For these reasons,
dexamethasone is the least preferred glucocorti-
coid for substitution, according to the Endocrine
Guidelines.*?

Pharmacokinetics and pharmacodynamics. Struc-
tural changes in the basic steroid nucleus and its
side groups determine the pharmacological dif-
ferences between long-acting glucocorticoids, in
terms of bioavailability, GR and MR interaction,
and genomic modulation. A decisive structural
characteristic is the polarity of the substituent in
position 6 or 16. Potency is stimulated by 6-a
methyl, 16-methylene hydrophobic substitution,
by the Al-dehydro-configuration (prednisolone),
by 6a and 9a-fluorination (dexamethasone). The
first two mechanisms also attenuate mineralocor-
ticoid potency.%:%% Hence, prednisone and pred-
nisolone exert minimal mineralocorticoid activity
and dexamethasone has none.”®

Once in the bloodstream, 60% of the predniso-
lone binds to CBG and 99% of dexamethasone
binds to albumin. Therefore dexamethasone has
protein-bound fractions (60-70%) which are
concentration-independent, whereas predniso-
lone is concentration dependent with an affinity
ranging from 90% in lower concentrations to
60% in higher ones.%*-72 Protein binding pat-
terns create a non-linear pharmacokinetics,
higher doses generating more rapid clearance
rates.®® An increase in an intravenous dose
administration from 5mg of prednisolone to
40mg corresponds to a 75% increase in clear-
ance. The moment of administration also influ-
ences prednisolone clearance, which is lower by
up to 25% in the morning.”!

Inactivation occurs through hepatic reduction of
A% double bond and of the 3-keto group followed
by glucuronidation and sulfation.”? The elimina-
tion half-life is 1h for prednisone, 3h for predni-
solone and 4 h for dexamethasone.”! On the other
hand, plasma half-life inaccurately estimates the
duration of action.”® Biological half-lives are
longer than the plasmatic ones and are dependent
on the tissue glucocorticoid levels.”? Actually,
evaluation of biologic activity relies on the ability
of a single dose to suppress ACTH during a cer-
tain period of time. In this regard, prednisone and
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prednisolone exhibit a biologic half-life between 8
and 12h, and dexamethasone reaches a half-life
range between 36 and 54 h.%°

Clinical relevance. Prednisolone is the therapy of
choice, especially in patients who are unable to
tolerate multiple-dose regimens (e.g. lack of com-
pliance, daily fatigue, sleep disorders). Moreover,
its longer half-life allows a once-daily administra-
tion in cases where lower replacement doses are
required (primary and central insufficiency).”374
Williams and colleagues” have recently examined
the prednisolone pharmacokinetic profile through
ultraperformance liquid chromatography in
healthy subjects and patients with Al. A single
mean dose of 3.86mg did not only attain ade-
quate replacement but it also mimicked physio-
logical cortisol profile. Dose fractioning extended
the total glucocorticoid exposure through increas-
ing the total (0-24h) AUC.

In CAH, evening prednisolone administration
more easily achieves androgen target levels with a
better suppression of the morning 17-hydroxypro-
gesterone surge. However, Ajish and colleagues”
did not demonstrate significant improvements
when compared with the equivalent HC dose.
Cadalto and colleagues’® compared the benefits of
a once-daily morning dose of prednisolone in
CAH with conventional HC replacement in
patients aged from 1 to 21years. At 1 year of fol-
low up better improvements were shown in sup-
pression of steroid levels and in control of skeletal
maturation advancement. On the other hand, a
similar study’’ performed on 15 pediatric patients
showed no difference between prednisolone and
HC; the efficacy between the two regimens being
comparable.

When drawing a comparison between predniso-
lone and HC, deleterious-effect assessment
becomes a priority. In children, prednisolone is
well known for inflicting growth suppression
through inhibition of growth hormone produc-
tion and tissue sensitivity and limiting IGF-1 bio-
activity.’® In adults, the metabolic side effects are
in the spot light. Authors of one retrospective
study’® carried out on behalf of the European
Adrenal Insufficiency Registry concluded that
prednisolone and HC are equivalent steroid
replacement therapies that exhibit the same car-
diovascular risk. Another 3-year observational
study performed by the same group showed that
patients treated with prednisolone developed

higher plasma low-density lipoprotein (LDL)
lipid profiles.”®

The use of dexamethasone is restricted to CAH
treatment in adults, as per international guide-
lines.%1:62 Regarding adrenal androgen suppres-
sion, dexamethasone’s potency is evaluated as
80-100 times greater than HC. Indications for
CAH treatment in pediatric patients stir numer-
ous controversies. Rivkees and colleagues®® have
treated eight children with once-daily low dose of
dexamethasone (0.25mg/m?/day) since neonatal
period. A mean observation period of the 6.5 years
revealed normal linear growth, skeletal matura-
tion and body mass index evolution. The same
group also obtained favorable growth results dur-
ing a 7-year follow up on 26 children treated with
a single-morning low dexamethasone dose
(0.27 =0.01 mg/m?/day).8! Nocturnal adminis-
tration efficacy was investigated by Dauber
and colleagues in five prepubertal children.82
Dexamethasone given at 1/50 total HC daily dose
proved to suppress more efficiently both morning
ACTH and adrenal steroids than conventional
HC replacement.

Acute stress management

Adrenal crisis. The most feared complication of
Al is adrenal crisis. In spite of all the efforts
invested in early diagnosis and management, the
incidence fails to decrease. It is responsible for the
death of 1 in 200 patients per year, having an inci-
dence between 4.4 and 17/100 patient-years.83 A
retrospective study performed on 444 patients
revealed an incidence of 6.6/100 patient-years,
the main precipitating factor being gastrointesti-
nal disease (33%) and various infections (24%).84
Another survey conducted on 1000 patients with
PAI from four countries has identified 8% cases
of adrenal crisis happening every year.85 During a
2-year prospective follow up of 423 patients with
primary or secondary AI, 64 adrenal crises
occurred, four of which were fatal.8¢

No consensual definition of adrenal crisis has been
internationally accepted. A recent review proposed
a revised definition: ‘...an acute health impairment
accompanied by features such as hypotension (sys-
tolic blood pressure <100mmHg, or 20mmHg
lower than the usual value), acute abdominal symp-
tomatology, altered sensorium, acute metabolic
disturbances (hyponatremia, hyperkalemia, hypo-
glycemia), pyrexia, which resolve after parenteral
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glucocorticoid administration.’? The clinical fea-
tures are a consequence of the incapacity of adren-
ocortical hormones levels to meet requirements
during physical and physiological stress.283

The first-line management relies on fluid resusci-
tation and stress-dosing glucocorticoid replace-
ment. While hypovolemia and hyponatremia
need rapid intravenous fluid resuscitation with
isotonic sodium chloride 0.9%, hypoglycemia is
corrected with intravenous 5% dextrose. As for
glucocorticoid replacement, parenteral HC
should be administered immediately, either intra-
muscularly or intravenously, to prevent further
clinical deterioration. An important advantage of
HC is its mineralocorticoid effect when it exceeds
50 mg/day.87 If HC is not available, prednisolone
is the second-line preferred treatment and dexa-
methasone is the least preferred.2:57

For adults, Endocrine Society guidelines recom-
mend an intravenous bolus of 100mg HC, fol-
lowed by 200 mg/24 h as a continuous infusion or
6-hourly injection and reduced to 100 mg/day the
next day. Glucocorticoids should be tapered to
maintenance dosage in 1-3 days in accordance
with the clinical evolution.4%83 In children, the
stress dose varies according to age as follows:
25 mg/m?2 in infants, 50 mg/m? in preschool chil-
dren and 100mg/m? in children above the age of
12 years.®2 The bolus is followed by the same
dose divided 6 hourly for 24-48h.93 As for fluid
resuscitation, a rapid bolus of 20ml/kg is recom-
mended. In case of shock, it can be increased up
to 60 ml/kg within 1h. Hypoglycemia correction,
which is much more common in children neces-
sitates 0.5—1 g/kg of intravenous (IV) dextrose.*?

Prevention of adrenal crisis. Prevention of adre-
nal crisis is based on identifying both the precipi-
tating and the risk factors. The most common
precipitating factor remains infection (gastroin-
testinal illness 23-56%, other infections 17—
25%).2:88 Its potency stems from the inadequate
level of cortisol that is unable to modulate the
immune response, thus favoring the inflamma-
tory cytokines excess, and to enhance vascular
reactivity to catecholamines.?8° Other precipita-
tors are surgical procedures, physical or psycho-
logical stress, or abrupt interruption of
corticosteroid replacement.2-88 As for risk factors,
patients with PAI are much more prone because
of the deficit of mineralocorticoid hormones.>” As
for SAI, of the 202 patients included in the

prospective study by Hahner ez al., 47% reported
adrenal crisis at baseline and 17 adrenal crises
were identified during the 2-year follow up.8¢

In practice, adrenal crisis is prevented by increas-
ing the glucocorticoid doses and dividing them
into three to four intakes during an acute illness or
adequately adapting them before surgical proce-
dures and by avoiding abrupt cessation of gluco-
corticoid therapy.8890 International guidelines
recommend doubled (fever>38°C) or tripled
(fever >39°C) HC doses for 2-3 days in febrile ill-
nesses. In case of gastric intolerance, adults receive
a parenteral dose of 100mg and children one
between 25 and 100mg/m2.4? Intramuscular
administration provides a coverage of 6-8h before
reaching professional medical care.%* Subcutaneous
HC administration may represent a more accept-
able alternative for patients that still needs further
scientific evaluation before implementation.88

In healthy subjects, minor surgeries need a mean
cortisol production rate between 10mg/day and
50 mg/day, whereas more important ones need up
to 75-200 mg/day.? Therefore, minor to moder-
ate surgeries require 25-75mg/24h HC in adults,
and in children, either intramuscularly (IM)
50mg/m?2 or doubled/tripled HC replacement.4?
A preoperative stress dose can be given 30-60 min
before general anesthesia induction, followed by a
second one given as a constant infusion orasa 6h
divided intravenous bolus for 24h.%* For major
surgeries, 100mg IM HC or 50-100mg IV HC is
administered before anesthesia, followed by con-
tinuous infusion of 200mg for 24h or 100 mg IM
or IV every 6h until oral tolerance is regained or
for 24-48h. Afterwards, oral dose can be doubled
for minimum 48h in long recoveries and for 24—
48h in short recoveries.?%2

The one measure playing a pivotal role is patient
education, which needs special priority assign-
ment. Physicians must instruct patients to cor-
rectly adapt their oral dose during stressful
events and recognize the situations when IM or
subcutaneous HC administration is needed.4?:57
Guidelines stipulate that patients need to be
equipped not only with an emergency card but
also with an emergency kit for parenteral gluco-
corticoid self-administration.®3 A recent survey®®
performed in Germany on 33 patients showed
that less than 70% carried an emergency Kit,
almost 80% were unable to correctly adjust the
glucocorticoid dose during common illnesses and
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only 20% could identify the symptoms of over-
and undertreatment.

Conventional glucocorticoid replacement
regimens

Current glucocorticoid replacement regimens are
variable and heterogenous. In view of Al preva-
lence, oral glucocorticoid regimens have not been
the subject of randomized and controlled studies.
A multicenter prospective study®! performed on
behalf of European Adrenal Insufficiency Registry
that included more than 1000 patients revealed
an impressive diversity not only among the dose
and the type of corticosteroid, but also on the
regimen design. Almost 90% of patients were
receiving HC. Among them, 5.5% were receiving
a unique dose, 48.7% received two doses, 43.6%
received three doses, and 2.1% received four
doses per day. A thrice-daily regimen was com-
mon in patients with PAI and the twice daily for
SAI The total daily doses varied between 20 and
25mg, which is equivalent to an approximate
dose of 11-14mg/m?/day for an adult with a mean
weight of 70 kg, confirming a tendency for supra-
physiological replacements. The general conclu-
sion was that treatment adaptation relies on
clinical assessment (symptoms, patient lifestyle),
instead of being based on reliable biological
parameters. Unfortunately, this study did not
correlate the results with the clinical traits of
patients, nor with the occurrence of adverse
effects (metabolic syndrome, weight gain, etc.).
What is more, it only reflects the clinical experi-
ence in a tertiary center and not in a primary care
context.

Treatment monitoring

The lack of significant biomarkers stems directly
from the particular patterns of HC pharmacokinet-
ics. Volume distribution, plasmatic protein bind-
ing, metabolism and excretion of active principle,
cytochrome-P450-mediated drug interactions, all
influence the interindividual variability. Current
biomarkers such as cortisolemia, ACTH levels and
24 h urine profiles prove to lack reliability.%2
Howlett and colleagues?? have retrospectively ana-
lyzed the urinary profiles of 130 patients (174 pro-
files) under a twice-daily or thrice-daily HC
regimen. The following criteria evaluated the effi-
cacy of each type of regimen: 09:00 urinary free
cortisol (age reference interval), 12:30 and 17:30
plasmatic  cortisol >50nmol/l  (ideally >100

nmol/l). A sum of 60% patients receiving three
doses met the criteria. For the twice-daily treat-
ment, only 15% reached correct levels, the ten-
dency being of extremely high morning cortisolemia
and very low 17:30 values. An initial posology of
10mg in the morning, 5mg at noon and another
5mg in the evening was proposed. Haas and col-
leagues®* also proposed using urinary cortisol pro-
files (from 00:00 to 08:00) as a monitoring tool for
14 Al patients. While patients’ urinary cortisol
excretion rates correlated with cortisolemia,
healthy subjects exhibited a wide interindividual
variability (14.0 = 7.8 wg/8h, range: 0.24-35.4ug).
The recommendation was to use it for diagnostic
purposes, rather than monitoring ones.

Cortisol plasmatic profiles (blood samples every
2h from 06:00 to 00:00) were prospectively inves-
tigated by Simon and colleagues® in 50 adult
patients who were under 13 different HC replace-
ment regimens (total daily dose from 15 to
50mg). Results were compared with physiologi-
cal cortisol concentrations at key moments
throughout the day. Totals of 79%, 55% and
45% patients proved to be outside the physiologi-
cal ranges at 08:00, 16:00 and 00:00, respectively.
The regimen that had the most appropriate corti-
sol levels (between 32% and 54%) was divided
into three doses of 10mg at 07:30, 5mg at 12:00
and 5mg at 16:30. Attainment of physiological
cortisol profiles was also used by Swords and col-
leagues?% to compare low-dose HC regimens with
cortisone acetate ones in adult patients with
hypopituitarism. Behan and colleagues®” have
chosen the same criteria to compare three twice-
daily regimens consisting of: (a) 20mg/08:00,
10mg/16:00; (b) 10mg/08:00/16:00; or (c)
10mg/08:00, 5mg/16:00 during a 6-week pro-
spective randomized crossover study. The pro-
files of patients under the lowest-dose regimen
(10/5mg) proved to replicate most accurately
physiological cortisol production.

Dose adjustment

The role of HC pharmacokinetics in tailoring per-
sonalized replacement therapy incited Mah and
colleagues?® to investigate the pharmacokinetic
parameters of a single morning-dose regimen. An
oral fixed HC dose of 10 mg was compared either
with a body-surface-area-adapted one of 5.5mg/
m?, or to a weight-based one of 0.12mg/kg. The
use of a fixed dose led to a greater interpatient
variability of plasmatic levels and to a treatment
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Table 2. Interindividual HC dose variability according
to the regimen proposed by Mah et al.?®

Weight (kg)  Dose expressed in Total daily
mg/m2/day (body dose (mg)
surface, m?)

50-54 6.8-6.5 (1.47-1.55) 10

55-74 9.6-8.1(1.56-1.84) 15

75-84 9.4-8.9 (1.86-1.97) 17.5

85-94 10.1-9.1(1.98-2.2) 20

HC, hydrocortisone.

overexposure of 6.3%. Weight adjustment

reduced the overexposure to 5% and the inter-
variability from 31% to 7%. Plasmatic cortisol
interindividual variability was also the scope of a
study performed by Connell and colleagues,®®
who evaluated cortisol profiles after an HC morn-
ing dose. Oral doses of 10, 15 or 20mg gave a
C,.., With a range from 422 to 1.554 nmol/l, which
was attained after 15min in some patients and
after more than 2h in others. The same group
hypothesized salivary cortisol as a monitoring
alternative, but it failed to correlate with plasma
correlations and, in fact, showed even greater
intervariability with this method.

Based on their kinetic analysis findings, Mah and
colleagues®® also proposed a weight-based thrice-
daily HC regimen. The total daily dose varied
from 6.5 to 10.1mg/m?/day (mean value of
8.3 mg/m?/day for a weight below 94kg), given
by 50% in the morning before breakfast, followed
by 25% in the afternoon and the remaining
25% in the evening (21:00). This regimen per-
mits homogenous doses administration (approxi-
mately 9mg/m?/day) for patients weighing
between 75 and 84 kg. However, for patients out-
side this weight range, the HC dose variability
increases, making them more prone to overdosing
(Table 2). Cortisol normograms showed that
23.1% patients reached 4h cortisol levels above
the 90th percentile.?® Plasma cortisol kinetic anal-
ysis also served as a tool for Rousseau and col-
leagues to adjust a thrice-daily regimen in PAI.100
For more than 80% of the patients (#=27) under
a total daily dose of 6 mg/m?/day HC, mean corti-
sol area under the curve (AUC) mimicked physi-
ological profiles. Doses of 10 and 14 mg/m?/day
proved to induce overtreatment. Contrary to pre-
vious studies, cortisol concentrations measured at

10:00 and 14:00 strongly correlated with the day-
time AUC (from 08:00 to 19:00), suggesting the
2h postmorning-dose cortisolemia as a valid
adjustment parameter.

The same study investigated the potential role of
ACTH as a biomarker. Cortisol normograms did
not correlate neither with the ACTH decrease
rate nor with the ACTH-specific time values.100
On the other hand, plasma ACTH suppression
was an indicator of overtreatment for the 10 and
14mg/m?/day regimens. Feek and colleagues!®!
described limitations of ACTH through a rand-
omized study on 12 Addisonian patients. Morning
plasma ACTH showed a great variability after
oral administration of HC or cortisone acetate,
and no correlations with ACTH levels could be
identified. This could be related to an altered
pituitary sensitivity to cortisol suppression.
Laureti and colleagues!®? recommended against
using plasma ACTH concentrations as a single
monitoring parameter. Instead, these authors
proposed a combined use of plasma ACTH and
cortisol levels, plus urinary free cortisol measure-
ment to compare twice daily and thrice-daily cor-
tisone acetate regimens in PAI. With this method,
they observed, after a 6-month prospective follow
up, the superiority of a three-dose administration,
with higher levels of urinary free cortisol and
lower ACTH levels, compared with the twice-
daily regimen, whereas with three daily doses,
patients had almost physiological cortisolemia
throughout the day. The Endocrine Society rec-
ommends against dosing ACTH for monitoring
purposes, to prevent overtreatment.42

Besides the twice-daily and thrice-daily posology
previously described, another proposal is a fourth-
daily one. Ekman and colleagues!?3 have compared
a four-dose HC regimen (10 + 10 + 5 + 5mg) with
a two-dose one [20+0 (placebo)+10+0 (pla-
cebo) mg] during a randomized, prospective, dou-
ble-blind, crossover (two periods of 4 weeks) study
on 15 patients. Even though the total HC daily
dose was the same, a subdivision into four admin-
istrations led to more physiological cortisol profiles
and median ACTH levels. Contrary to Howeltt
and colleagues’ findings,?? the two-dose regimen
produced lower cortisol levels and higher ACTH
levels than the four-dose administration. An expla-
nation could be the earlier administration of HC
doses compared with a classic twice-daily regimen.
At the end of the study,!®®> QoL questionnaires
revealed that patients preferred receiving four
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administrations. They have reported improvement
in their sleep quality and less daytime fatigue.
Lower cortisol peaks after the morning dose could
explain the impact on the QoL.

In conclusion, based on the physiological reparti-
tion of cortisolemia, clinical studies recommend
dividing the HC posology into three times per day
and to perform adjustments according to either
weight or to body surface area. A total daily dose
should be limited between 6 and 10 mg/m?/day in
order to prevent overtreatment. It is noteworthy
to mention the fact that few studies convey the
occurrence of Al-related symptoms during low-
dose replacement therapy.

Limitations of standard glucocorticoid
therapy

Mortality

At present, regardless of diagnostic advances and
worldwide availability of replacement therapy, Al
still doubles the mortality risk from cardiovascu-
lar diseases, infections and cancer.® This risk
only adds to the mortality risk from adrenal crises
estimated at 0.5/100 patient-years.!® A Norwegian
study'%* found that adrenal crises accounted for
15% of deaths among a population study of 800
patients with Addison disease. It also identified
higher mortality rates in men before the age of 40,
infections accounting for 10% and sudden deaths
for 9.2%. The inaccuracies in GRT could par-
tially explain these tendencies, with under- or
overtreatment rendering the organism incapable
of properly fighting back infection and illness.>
Corticosteroid therapy mismatches can increase
mortality by 1.5-2-fold, reducing life expectancy
by 3 years in females and by 11 years in males.!193
In a retrospective study performed on patients
with secondary Al, overdosed replacement regi-
mens, either with weight-adjusted or absolute HC
doses, significantly increased mortality.!0>
Concomitant presence of other endocrine disor-
ders such as diabetes mellitus or thyroid disease
only worsens the survival rate in Al patients.104

Side effects

Cardiovascular risk. Apart from the lack of reliable
biomarkers previously mentioned, the greatest lim-
itations arise from glucocorticoid side effects.
Inadequate steroid replacement results in risk
exacerbation of both cardiovascular disease and

metabolic syndrome.!%25 A recent randomized
double-blind, crossover Dutch study!?® compared
the cardiovascular impact of two HC regimens
(0.2-0.3mg/kg/day and 0.4-0.6mg/kg/day). The
higher regimen was associated with a higher sys-
tolic blood pressure (+5 mmHg, p = 0.011). The
same study found that HC doses regarded as phys-
iological (between 14 and 22 mg/m?/day) were able
to suppress aldosterone, renin and noradrenalin,
thus altering the cardiovascular homeostasis. Simi-
lar results were conveyed by a study®® of the Euro-
pean Adrenal Insufficiency Registry where among
141 HC substituted patients (total daily dose of
15-30mg/kg/day), 35.5% developed arterial
hypertension (mean value of 131/79 mmHg) and
26.9% were under statin treatment.

Peterson and colleagues!®” have studied the cardio-
vascular consequences of a short-term increase in
HC equivalent total dose from 20 mg/day to 30 mg/
day for 17 patients with SAI. After 1week, patients
experienced reduced reactive hyperemia index
compatible with endothelial dysfunction. There
was no impact on the glucose metabolism. The car-
diovascular benefits of an HC dose reduction were
investigated by Behan and colleagues!®® in a recent
prospective crossover (two periods of 6 weeks) ran-
domized study. Ten pituitary patients were rand-
omized to receive three types of regimens:
20mg/08:00, 10mg/16:00; 10mg/08:00/16:00;
10mg/08:00, 5mg/16:00. Lowest-dose regimen led
to lower Ambulatory Arterial Stiffness Index and to
attainment of more physiologically normal noctur-
nal blood pressure profiles (absence of nocturnal
systolic dip <10%).

Metabolic syndrome. The presence of metabolic
syndrome was evaluated by Giordano and col-
leagues through comparing 38 patients with
Addison disease who were under either cortisone
acetate (37.5mg/day), or HC (30mg/day) with
age- and body mass index (BMI)-matched con-
trols. Patients had higher rates of central adiposity
(83% wversus 44%), hypertriglyceridemia (18%
versus 8%), hypercholesterolemia (10% wversus
3%) and glucose intolerance (8%).19° For patients
with SAI, Filipsson and colleagues!1? have shown
that a total daily HC equivalent dose greater than
20 mg/day led to metabolic perturbations. A total
of 2424 patients with hypopituitarism were
divided into four groups: the first three according
to the type of corticosteroid substitution and the
fourth one included ACTH-sufficient (AS)
patients. An important finding was that patients
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Table 3. Studies evaluating BMI in patients with PAI or SAI.

Study PAI/SAI BMI (kg/m?) = DS Patients, n
Benson et al.13 SAl 270 + 7.4 18
(versus 26.0 + 3.2 controls, p = 0.58)
Werumeus Buning et al.'4 SAl 26.6 47
Ekman et al.103 PAI 240 = 3.4 15
Harbeck et al.1® PAIl or SAI 25.3 * 4.4 (long-term R/) 14
27.5 = 5.2 (short-term R/)
Murray et al.?”! PAl or SAI 26.2 + 4.8 (PAl) 321(PAIl); 695 (SAI)
28.8 = 5.1 (SAl)
Nilsson et al.1é PAI 25.5 + 4.1 7
Rousseau et al.10 PAI 261 + 6.2 27
Schulz et al.17 PAI (and CAH) 26.4 + 4.6 57 with PAI

BMI, body mass index; CAH, congenital adrenal hyperplasia; DS, ; PAl, primary adrenal insufficiency; SAl, secondary

adrenal insufficiency.

on HC and prednisolone had higher glycated
hemoglobin (HbA,;) levels and central obesity
prevalence than those on cortisone acetate. Also,
in the setting of hypopituitarism, Danilowicz and
colleagues!!! showed that a reduction of HC dose
from 20-30mg/day to 10-15mg/day improved
body composition and lipid profiles of patients
within 6—12 months.

Similar to anti-inflammatory corticotherapy,
replacement therapy exerts a negative impact on
BMI. The risk of overweight was estimated by
Biermasz er al.!'? by comparing hair cortisol con-
centrations in 132 patients with primary or sec-
ondary Al, in 42 patients with ACTH-sufficient
hypopituitarism and in healthy controls.
HC-substituted patients presented higher cortisol
concentrations, which in males were correlated
with increased BMIs (average value 27.57 kg/m?),
despite a low-dose regimen (average HC dose of
21mg/day). Table 3 lists BMI values (range
between 24 and 28.8kg/m?, with an average of
27.6kg/m?) from various clinical studies in
patients with Al. Except for Benson and col-
leagues’ study,!! results were not systematically
matched with healthy controls.

Neurocognitive impairment. From a cognitive
standpoint, a physiological elevated level of cortisol
can impair memory and executive cognitive

functions.!’* The physiopathological explanation
relies on the overexpression of GRs in the hippo-
campus (memory) and prefrontal cortex (execu-
tive functioning skills, attention, and social
cognition). Studies evaluating cognitive perfor-
mances in patients with Al are rare and often reach
contradictory conclusions (Table 4). Results’
incongruence is a consequence of the high variabil-
ity of study methodology, under-represented
cohorts, heterogeneity of study groups (treatment
duration, dose, age, sex, environmental factors,
etc.). The team of Tiemensmal!!® performed mul-
tiple neuropsychological studies on patients diag-
nosed with Al for 10 = 8 years. Patients had lower
performances in hearing tests, visual memory and
executive functioning tasks than their matched
controls. However, the external validity of this par-
ticular study is difficult to evaluate given the
patients’ better results in concentration and atten-
tion evaluations (features identified as potentially
altered by corticotherapy; p <0.05).

Bone mineral density. Even at physiological
doses, corticosteroids can inflict deleterious
effects on bone mineral density (BMD). These
effects were prospectively investigated by Schulz
and colleagues!!” on patients with PAI (r=57)
and with CAH (n=33). According to their
HC dose, patients were divided into three
groups: unchanged (25.2mg/day, n=50), increased
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Table 4. Studies evaluating cognitive performances in patients with primary adrenal insufficiency (PAl) and

secondary insufficiency (SAIJ.

Study PAI/SAI Variable Cognitive Patients, n (cohorts)
performances

Werumeus Buning SAl Dose No effect? 47

et al.4

Harbeck et al.’® PAl or SAI  Substitution  No effect¥ 14 (long versus short term)

duration

Henry et al."? PAI PAI No effect (but effect 60 (versus healthy controls)
on sleep)’

Klement et al.120 PAI PAI & 8 (versus healthy controls)

Schultebraucks et al.’2'  PAl PAI No effect (except for 30 [versus healthy controls)
verbal expression)?

Tytherleigh et al. 22 PAI GC = MC = 9 (GC versus GC + MC)

Tiemensma et al.!8 PAl or SAI  PAI AR 31 [versus healthy controls)

¥Memory, attention, executive functioning and social cognition.

*Memory attention, vigilance, intellectual functioning.
*Selective attention, short-term memory;

9Executive functioning, concentration, verbal memory, visual memory, work memory, autobiographic memory.
Mests for numbers, letters, names, items recognition, HVLT, comprehension speed, categories;
®Verbal intelligence, work memory, short-term memory, mental flexibility, verbal debit, psychometrics rapidity, processing

speed, executive functioning, long span attention.

CAH, congenital adrenal hyperplasia; GC, glucocorticoids; HVLT, ; MC, mineralocorticoids; PAI: primary adrenal

insufficiency; SAl: secondary adrenal insufficiency.

(18.7-25.9mg/day, n=13) and decreased (30.8-
21.4mg/day, n=27). Dual-energy X-ray absorpti-
ometry at baseline and after 2 years showed
decreased BMD in the increased-dose group and
an improvement in the decreased-dose group
(»p<0.05). In addition, BMD negatively corre-
lated with HC dose. The BMD for the decreased-
dose group (reduction from 14.3 mg/m?/day to
13.6 mg/m?/day) was close to the 50th percentile.

Other prospective studies in HC substituted
patients (Table 5) found near-normal BMD,
whereas almost 50% of these patients had Z
scores lower than —2 or —2.5. Regarding patients
with PAI treated with prednisolone, a recent
study!'?®> found that 46% of them (men and
women) met the criteria for osteoporosis (Z
score < —2.5) after the age of 50 years. The
BMD Z score of these patients were lower in the
different sites studied [lumbar spine (—0.42),
femoral neck (-=0.50) and hip (-0.58)].
Surprisingly, this study did not find any correla-
tion between BMD Z scores and prednisolone
dose, or treatment duration, whereas it nega-
tively correlated with BMI.

Quality of life

The inability to accurately replicate the pulsatile
cortisol secretion by conventional corticosteroid
replacement therapy is the main factor that hin-
ders patients’ QoL. Some clinical features of Al
such as sleep disturbances and important daytime
fatigue resemble circadian disorders.?%3! Patients’
QoL seems to be inversely proportional to diag-
nosis delay, emphasizing the importance of a pre-
cocious therapy instauration.4%127 Qther altering
factors are advanced age, female sex and presence
of comorbidities (i.e. celiac disease, ovarian insuf-
ficiency, atrophic gastritis).!2?” Recent clinical
studies estimating the QoL (Table 6) conveyed a
deleterious effect of replacement glucocorticoid
therapy in comparison with healthy subjects or
patients under a low corticosteroid dose.

Few studies have shown interest toward the occur-
rence of Al-related symptomatology during low-
dose HC regimens. A recent Dutch double-blind,
randomized, crossover study evaluated the influ-
ence of a low dose (15-20mg/day or 8—12 mg/m?/
day) and a high dose (30—40mg/day or 16-23 mg/m?
/day) HC regimen on developing the symptoms.
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Table 5. Studies evaluating BMD (DXA scan) in patients with primary (PAI) or secondary (SAl) adrenal

insufficiency.

Study PAI/SAI BMD evaluation Patients, n (cohort)
Jodar?? PAI Normal (on average but 56% < 25
-2.5DS; 30 mg/day or prednisolone)*
Schulz!? PAI (et HCS) Normal (25 mg/day) or 4 (31 mg/day) 90
Valero'? PAI Normal (30 mg/day or prednisolone)? 30 (versus healthy
controls)
Zelissen'2 PAI {1 (32% men and 7% women)’ 91

¥Same team as Valero. Determinations of bone turnover markers (calcium, alkaline phosphatase, osteocalcin, PTH and

25(0H) vitamin D.

‘Bone turnover markers (calcium, alkaline phosphatase, osteocalcin, PTH and 25(0H) vitamin D, type | procollagen.
*BMD reduction defined as at least one measure (lumbar spine, right femoral neck, left femoral neck) < -2DS; patients

under substitution for 10.6 years (average).

BMD, bone mineral density; CAH, congenital adrenal hyperplasia; DXA, ; GC, glucocorticoids; MC, mineralocorticoids; OH,
hydroxy; PAI, primary adrenal insufficiency; PTH, parathyroid hormone; SAIl, secondary adrenal insufficiency.

Health-related questionnaires revealed that
patients experienced less depression, anxiety and
fatigue while on a higher dose. An important bias
in the study was that statistically significant differ-
ences were found only after the switch from high
to low dose, raising suspicion for corticosteroid-
withdrawal-related symptoms.!14 Another study!28
contradicted the results, proving correlations
between HC dosage increase and negative conse-
quences on QoL. Patients experiencing substan-
tial physical fatigue, pain, reduced vitality, and
poorly perceived health status were not only on
higher doses but also presented with higher hair
cortisol concentrations.

Compound formulations

Other significant limitations of conventional cor-
ticosteroids arise from the type of compound for-
mulation used. Pediatric patients have to face the
shortcomings of unlicensed compounded adult
medications. A recent survey!32 performed by the
European Society of Pediatric Endocrinology
including physicians from 16 countries revealed
that 60% used off-label divided adult HC tablets
and 55% used unlicensed individualized capsules.
The doses varied between 0.5 and 5mg with a
preferred thrice-daily (94%) administration. The
lack of licensed pediatric HC formulations leads
to the usage of adult 10mg HC tablets com-
pounded by pharmacists. These tablets fail to
meet the criteria of European Pharmacopeia in
terms of mass and content uniformity, resulting
in high dosing variability.133

In accordance with European Pharmacopeia crite-
ria, a recent German study!3* assessed 56 batches
of HC capsules (1125) collected from CAH
patients aged 0-14 years. A total of 21.4% of
batched capsules did not meet the standards of the
uniformity analysis (net mass and drug content).
Surprisingly, 3.6% contained a different steroid
than the one labeled, making a total of 25% unsuit-
able batches for treatment. In cases of good com-
pliance, drug content inaccuracies can explain
poor outcomes in CAH patients. A UK study!3>
outlined the difficulties that arise with the manipu-
lation of 10mg HC tablets. Physical properties
such as hardness can alter dose accuracy depend-
ing on the device used for crushing. Another UK
study®® demonstrated that tablet splitting is not
consistent either; 10mg HC were quartered in
order to obtain a 2.5mg dose. Dose uniformity
analysis revealed that 50% were outside the con-
tent criteria required by US Pharmacopeia,
whereas more than 40% failed to respect the
European Pharmacopeia weight variation.

Recent therapeutic advancements

The numerous limitations deprive conventional
immediate-release HC therapy from the possibil-
ity to improve the QoL of patients and to provide
a better outcome. Therefore, in recent years, rep-
licating the circadian rhythm of endogenous glu-
cocorticoids has become pivotal in the design of
GRT. Circadian HC therapy aims to replicate
physiological cortisol rhythm, thus preventing the
negative consequences of mismatches. The two
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Table 6. Studies evaluating quality of life in patients with primary (PAIl) or secondary (SAl) adrenal

insufficiency.

Studies PAI/SAI QoL

Patients, n (cohort)

Andela et al.128 PAIl or SAI \L§ [p < 0.001in comparison with 120
controls, no connection with
cortisol hair concentrations)

Benson et al.'’ SAl I# 18

Bleicken et al.'?? PAIl or SAI 42 (high versus low dose, thrice 334
versus twice/day)

Werumeus Buning et al."4  SAI T with higher HC doset 47

Hahner et al.130 PAI or SAI I# 256

Harbeck et al.1® PAl or SAl No effect 14 (long versus short term)
(T nervosity)

Henry et al.1"? PAI I 60 (versus healthy controls)

Lovas et al.’3! PAI ¥ 79

Meyer et al.'?’ PAI I# 200

Tiemensma et al.18 PAI or SAI I 54 (versus healthy controls)

#Short-Form-36.
8Short-Form-36, EQ-5D, HADS, MFI-20.
9Short-Form-36, Giessen Complaint List (GBB-24), HADS.

*Health questionnaire (PHQ-15, PHQ-9), anxiety (GAD-7), well-being (RAND-36), mood (HADS), fatigue (MFI-20).
*Short-Form 36, mood (Beck Depression Inventory-Il), sleep quality (Pittsburgh Sleep Quality Index).
’Scale for apathy; scale for irritability; questionnaire for mood and anxiety; scale for hospitalization anxiety; scale for

depression.

EQ-5D, ; GAD-7, ; PAI, primary adrenal insufficiency; HADS, Hospital Anxiety and Depression Scale; MFI-20,
Multidimensional Fatigue Inventory-20; QoL, quality of life; RAND-36, RAND 36-Item Health Survey; SAI, secondary

adrenal insufficiency.

main research directions evolve around delayed
and sustained-release oral HC formulations
and circadian IV or subcutaneous infusions of
HC‘136,137

Modified-release compounds
Plenadren®

Pharmacokinetics and pharmacodynamics.
Plenadren® represents a modified-release HC
that has an immediate-release outer-layer coating
and an extended-release core (i.e. dual-release
HC).5758 Compared with immediate-release
HC, it presents a similar C_,, and a 20% reduced
bioavailability; supplementary dose adjustment
therefore being necessary. It produces higher
morning cortisol concentrations and lower ones
in the evening. The dual-release character offers
a more extended serum profile, creating the pos-
sibility of a once-daily morning regimen with no

necessity for a second afternoon dose. However,

it is not able to reproduce the overnight cortisol
rise‘l36,138

A randomized pharmacokinetic study per-
formed by Johannsson and colleagues!?® on bet-
amethasone-suppressed healthy adults showed
that a 20 mg dose of dual-release HC can reach
a serum cortisol concentration>200nmol/l
within less than 30 min and maintain it for mini-
mum 6h. Whereas the bioavailability of dual-
release HC is dose- and food-intake dependent,
its terminal half-life is dose independent and is
almost 1.5h longer than immediate-release HC.
The same group!4® compared the pharmacoki-
netic properties of once-daily dual-release HC
regimen with those of conventional thrice-daily
HC during a randomized prospective crossover
study performed in 64 adults with PAI. Dual-
release HC exhibited a 19.4% lower 24h AUC

journals.sagepub.com/home/tae


https://journals.sagepub.com/home/tae

A Oprea, NCG Bonnet et al.

and induced only one peak in cortisol concen-
tration in 84% of patients, and as such, corre-
sponded more to the physiological profile than
immediate-release HC.

Clinical relevance. In the same study,!4? after
3—6 months of treatment, patients on the dual-
release HC had lower systolic blood pressures,
HbA, levels (»p=0.0006), and total choles-
terol levels, as compared with those on imme-
diate-release HC. QoL questionnaires favored
dual-release HC for improvement of cognitive
functioning, well-being and fatigue decrease.
Favorable metabolic outcome was also dem-
onstrated by Giordano and colleagues!4! in an
open-label study. Nineteen patients with Addi-
son disease were switched from a thrice-daily
HC administration to a single morning 20 mg
Plenadren® administration. After 1year, Plena-
dren® treatment reduced waist circumfer-
ences (p=0.007), total and LDL cholesterol
levels (p<<0.05), and HbA,; levels (p=0.002)
and improved 30-AddiQol total scores in these
patients, whereas it decreased insulin require-
ments in type 1 diabetes patients.

A recent Italian single-blind randomized study!42
went beyond the metabolic outcomes and evalu-
ated the immune impact. In the 89 patients with
PAI and SAI included, 46 were switched from a
standard HC therapy to a once-daily morning
modified-release HC regimen. After 6 months,
treatment decreased the counts of pro-inflam-
matory CD14"CD16~ monocytes and increased
the counts of CD16"CD14~ and CD16* NKs,
thus eliminating the low-grade inflammation
status and restoring NKs’ cytotoxicity. Patients
also experienced reduced recurrent infections.
An essential conclusion is that the deleterious
effect of conventional HC therapy on the
immune system derives not only from inappro-
priate dosing, but also from the mismatch of the
circadian  physiological  cortisol  rhythm.
Moreover, it was proposed that for patients with
Al, the immunomodulator effect of glucocorti-
coids is stronger than the immunosuppressive
one. The same team further demonstrated
altered circadian expression of 19/68 genes in
peripheral blood mononuclear cells in the same
patients.!¥3 After 3 months, modified-release
HC treatment was able to restore the expression
levels for 18 genes, as compared with the ones of
healthy controls.

Long-term safety parameters were evaluated by
Nilsson ez al. in 71 adult patients with PAI who
received a maintenance dose of Plenadren® dur-
ing an open-label 5-year prospective study.!4*
Overall, the treatment was well tolerated with no
safety concerns observed. Of the 1060 adverse
effects reported, 73% were cortisol-deficiency
related and they decreased to 43% at 1 year, and
to 23% at 5years of treatment. Contrary to the
results of the Johannsson!?®* and Giordano!4!
teams, no significant improvements in metabolic
profiles were observed. Parameters such as BMI,
blood pressure, glucose metabolism, and lipid
profile had a steady evolution. As for QoL evalu-
ation, while physical functioning score on
Fatigue Impact Scale worsened after the first
3years, the Psychological General Well-Being
Scale showed improvement tendencies toward
the end.!44

Chronocort®

Pharmacokinetics ~ and  pharmacodynam-
ics. Chronocort® is another modified-release
HC that, unlike Plenadren®, can be taken late
at night, since it exhibits a delayed and sus-
tained absorption profile. Hence, Chronocort®
can reproduce the physiological overnight corti-
sol rise with an early peak in the morning.58:13¢
Debono and colleagues!4> have compared, in a
randomized crossover study, the pharmacokinet-
ics of the pilot Chronocort® tablet (5, 15mg)
with the conventional 10 mg HC tablet in 28 dex-
amethasone-suppressed healthy subjects. Before
randomization into four single-dose regimens,
patients underwent cortisol profiling to obtain
a physiological profile. Late evening (22:00)
administration of 30mg modified-release HC
created a near-to-physiological cortisol daily
AUC. However, Chronocort® induced an ear-
lier cortisol peak (06:00 instead of 08:30) and
a physiological cortisolemia only for 12h after
intake. The bioavailability was less than 75%.
Administration of 15-20mg Chronocort® at
23:00, followed by 10mg at 07:00, produced
cortisol profiles closer to normal.

Scalable technology reformulations led to the
development of a multiparticulate Chronocort®
tablet which contains an inert core coated with an
HC layer, further coated with polymeric layers that
ensure a more uniform delayed release, and an
outer enteric layer. A phase II open-label study!4°
performed on 16 dexamethasone-suppressed
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healthy subjects showed an 89% bioavailability of
multiparticulate Chronocort®. A twice-daily regi-
men (20mg 23:00, 10mg 07:00) of multiparticu-
late Chronocort® reached a C_,, of 665nmol/l
(physiological peak 549 nmol/l) in an average 8.5h
after the first dose. The first cortisol peak was
noticed at 07:30 and the second peak later,
between 14:00 and 16:00. It was concluded that a
twice-daily administration of the compound
resulted in a sustained and delayed absorption of
HC followed by attainment of an almost normal
physiological pharmacokinetic profile.

Clinical relevance. Given the favorable
results coming from pharmacokinetic studies,
several clinical studies have compared modi-
fied-release HC with conventional HC therapy.
In a study by Quinckler ez al.,'47 patients with
PAI and SAI treated with modified-release HC
(n=30) showed reduced BMIs and HbA, lev-
els, whereas patients under conventional HC
experienced no improvement. The ability to
replicate the overnight cortisol rise extended
the indications of Chronocort® for CAH treat-
ment for androgen suppression. Verma and col-
leagues!4® evaluated the hormonal profiles of 14
CAH patients after 1 month of a single Chrono-
cort® dose (given at 22:00) regimen, previously
followed by 1 week of standard thrice-daily HC
therapy. Even though the cortisol peak appeared
earlier, at 06:00, morning steroid androgen lev-
els were lower. However, their concentrations
rose later, between 12:00 and 20:00. Mallapa
and colleagues!®® included 16 CAH adults who
followed a 6-month treatment of a twice-daily
modified-release HC regimen (20mg 23:00;
10mg 07:00). The 24 h, morning and afternoon
androstenedione AUCs, along with 24 h, morn-
ing 17-hydroxyprogesterone AUCs significantly
lowered in these patients. While body compo-
sition showed an increase in lean body mass,
BMD slightly decreased.

Pediatric formulations

Neither Plenadren®, nor Chronocort® (Table 7
draws a comparison between the two compounds)
is licensed for pediatric use.’” The TAIN
(Treatment of Adrenal Insufficiency in Neonates)
has developed an immediate-release granulated
HC formulation called Infacort®. The formula-
tion contains a microcrystalline core coated by an
HC layer, further coated by binding layers and an
outer ‘taste-making’ one. Doses of 0.5, 1, 2 and

5mg are available. It can be administered with
food, liquids or as dry granules. A phase I crosso-
ver pharmacokinetic study on 16 dexamethasone-
suppressed healthy participants demonstrated the
same bioequivalence with a 10mg conventional
HC tablet, and a linear relationship between cor-
tisol C,,, and dose. No adverse reactions were
reported.132

A further open-label phase III trial'5° has studied
Infacort® absorption and safety in three consec-
utive children cohorts (2—-6years, 28days to
2years, 1-28 days) diagnosed with CAH or hypo-
pituitarism. The standard HC morning dose
(median dose 2 mg) was replaced with Infacort®,
followed by their usual treatment 8h later.
Cortisol concentrations measured at 0, 60, and
240min revealed that C_ . (mean 626nmol/l)
was attained at 60 min, showing a similar absorp-
tion in young children and adults. At 4h post
administration, cortisol concentrations were
lower than 50 nmol/l for 41.7% of the patients.
No serious adverse effects were reported and
more than 90% of the parents questioned were in
favor of the granulated HC.

Continuous subcutaneous hydrocortisone

infusion

The quest for obtaining an accurate replication
of endogenous cortisol rhythm has led to the
development of continuous subcutaneous HC
infusion (CSHI)-using insulin pumps. Beside
the basal infusion, boluses are given in case of
acute stress. The main goal is to recreate the
ultradian secretion.>2:53 For seven adult patients
with Addison disease, CSHI reduced the total
daily HC dose, restored circadian cortisol vari-
ation, normalized both ACTH and salivary
cortisol levels and improved Short Form 36
scores.!® For another 10 Addison patients
included in a randomized double-blind pla-
cebo-controlled study, CSHI induced similar
hormonal profiles with conventional oral HC
therapy with the exception of higher morning
salivary cortisol levels. However, no improve-
ment in subjective health status was
identified.152

Oksnes and colleagues!53 have compared CSHI
treatment with standard HC therapy on 33
patients with Addison disease. While the HC
infusion (initial dose 10.5mg/m?/day) was
adapted according to salivary (6.00-8.00;
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Table 7. Comparison of pharmacological characteristics of Plenadren® and Chronocort®.

Plenadren®

Mutltiparticulate Chronocort®

Composition
outer-layer coating
Extended-release core

e Dual release

Dose regimen e Once daily, morning

Distribution profile Higher morning cortisol

concentrations

Lower evening cortisol concentrations

No overnight cortisol rise

Immediate-release hydrocortisone

Inert core coated with a hydrocortisone
layer, coated with polymeric layers
Outer enteric layer

e Delayed and sustained release

e Twice daily (evening and morning)

Early peak of cortisol in the morning
Early peak of cortisol in the afternoon
Overnight cortisol rise

23.00-00.00) and morning serum cortisol levels,
oral doses were weight adjusted and adapted
according to serum cortisol normogram 4h after
the morning administration. After 3 months,
CSHI treatment normalized ACTH and morn-
ing cortisol levels, restored night-time cortisol
levels, lowered enzyme indices of 5a-reductase,
5B-reductases, and CYP3A4. Metabolic out-
comes (HOMA index, lipid profile, BMI) were
similar in both treatments. The more physiologi-
cal cortisol profile attained by CSHI was also
demonstrated by the same team in another cross-
over randomized study.!>* In addition, they have
evaluated the implications on insulin sensitivity,
identifying the absence of the overnight glycemic
decrease usually found with standard therapy.

Proposal for glucocorticoid substitution

dose regimen

Because of the difficulty in evaluating the require-
ments of HC in adult patients with Al, and due to
the lack of specific recommendations regarding
adjustments for body composition, we aimed to
propose, in this paragraph, a HC substitution
dose protocol (both for PAI and SAI), based on
the following elements:

(1) the HC substitution dose regimen should
take account of the patient’s anthropom-
etry (i.e. weight and height) which is best
estimated by the calculation of body sur-
face based on normograms®® (mean BMI
value of 22.5kg/m? was used for our
calculations);

the mean daily HC substitution dose was
evaluated at 8 mg/m?/day, by referring to
data from the literature;

2

(3) for values of height superior to the mean
(for a defined body weight), body surface
values were adapted when these led to a
dose modification;

(4) for convenience, the unitary doses were
proposed as fractions of 20 mg.

A standard HC substitution protocol is proposed
in Table 8. It is based on the actual knowledge in
dose distribution (regression of doses from
morning to bedtime) and it is proposed for
patients without comorbidities or associated
pathologies that may require an under- or over-
evaluation of daily HC dose. Some patients with
SAI require other hormonal replacement ther-
apy (e.g. growth hormone, estrogens) that may
affect circulating cortisol levels. For these
patients, or for others requiring higher doses of
HC (because of metabolic characteristics or due
to pharmacological interactions), an alternative
HC substitution dose protocol should be evalu-
ated. In Supplemental Table 1, we propose a
HC substitution dose protocol for a total daily
dose of 10 mg/m?/day.

Conclusion

In conclusion, despite being a lifesaving therapy,
conventional GRT remains subjected to numer-
ous limitations. Focus should be on side-effect
acknowledgment in order to raise awareness
among clinicians. An attainment of guidelines for
worldwide uniformity is a high priority. In addi-
tion, reliable treatment biomarkers are crucial for
developing individualized treatment regimens and
thus improving compliance. Chronotherapy is a
promising field and may be able to mimick physi-
ological cortisol production in the future. Finally,
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Table 8. Theoretical HC substitution regimen for adult patients, representing a total daily HC dose of 8 mg/

m2/day.
Body weight  Body surface [m2)  Total daily Morning Doseat Doseat Total daily
(kg) theoretical HC  dose (mg) lunch supper  prescribed HC
dose (mg/day) (mg) (mg) dose (mg/day)
45-49 1.39 11.1 5 2.5 2.5 10
[f >155cm: 1.5 Cfr12
50-54 1.52 12.2 7.5 2.5 2.5 12.5
If >170 cm: 1.7 Cfr14
55-59 1.63 13 7.5 2.5 2.5 12.5
If >175cm: 1.8 Cfr14
60-64 1.74 14 7.5 5 2.5 15
If >175cm: >1.85 Cfr14
65-69 1.85 14.8 7.5 5 2.5 15
If >185 cm: >2 Cfr16.5
70-74 1.96 15.7 7.5 5 2.5 15
If >185 cm: >2 Cfr16.5
75-79 2.06 16.5 10 5 2.5 17.5
If >185cm: >2.1 Cfr16.5
80-84 2.16 17.3 10 5 2.5 17.5
If >200 cm: >2.3 Cfr18.4
85-89 2.3 18.4 10 7.5 2.5 20
90-94 2.38 19 10 7.5 245 20
95-99 2.48 19.8 10 7.5 2.5 20
100-104 2.55 20.4 12.5 7.5 2.5 22.5
105-109 2.7 21.6 12.5 7.5 2.5 22.5

Cfr, ; HC, hydrocortisone.

achieving better pharmacokinetic profiles is
important for minimizing adverse outcomes of
chronic corticoid therapy.
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