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One of the more controversial areas in critical care in
recent decades relates to the issue of adrenal insufficiency
and its treatment in critically ill patients. There is no consensus on which patients to test for adrenal insufficiency,
which tests to use and how to interpret them, whether to
use corticosteroids, and, if so, who to treat and with what
dose. This review illustrates the complexity and diversity
of pathophysiological changes in glucocorticoid secretion,
metabolism, and action and how these are affected by various types of illness. It will review adrenal function testing
and give guidance on corticosteroid replacement regimens
based on current published literature. There remain inherent difficulties in interpreting the effects of glucocorticoid
replacement during critical illness because of the diversity
of effects of glucocorticoids on various tissues. Investigation
and treatment will depend on whether the likely cause of
corticosteroid insufficiency is adrenal or central in origin.
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One of the more controversial areas in critical care
in recent decades relates to the issue of adrenal
insufficiency in critically ill patients and whether
these patients should receive glucocorticoid therapy. Although this subject has been discussed in
recent reviews [1-5], there is currently no consensus
on which patients to test for adrenal insufficiency,
which tests to use and how to interpret them, whether
glucocorticoids are beneficial, and, if so, who should
be treated and with what dose. This review illustrates
the complexity and diversity of physiological and
pathological changes in glucocorticoid secretion,
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metabolism, and action and how these changes will
be affected by various types of illness. We will illustrate adrenal function testing and how interpretation of these tests will depend on the underlying
illness being treated. There are inherent difficulties
in interpreting the effects of glucocorticoid replacement during critical illness, including the diversity
of effects of glucocorticoids on various tissues. We
offer advice as to when glucocorticoids should be
given on the basis of the available evidence.

Corticosteroid Physiology
Corticosteroids are synthesized in the adrenal cortex
and can be divided into mineralocorticoids and glucocorticoids. The main mineralocorticoid is aldosterone and the main glucocorticoid cortisol. In
addition, the adrenal secretes a large amount of
androgens through dehydroepiandrosterone (DHEA)
and its sulphated derivative DHEAS. Aldosterone
binds to mineralocorticoid receptors (MRs) and is
important in sodium handling in the kidney and
other mineralocorticoid target tissues. Although the
supply of the initial precursors for aldosterone production is regulated by pituitary adrenocorticotropic
hormone (ACTH), a more important regulator is the
renin–angiotensin system. Aldosterone production
is thus maintained in adrenal insufficiency induced
by pituitary disease but is lost at an early stage in
conditions that destroy the adrenal gland (eg,
autoimmune Addison’s disease).
Cortisol is the main glucocorticoid synthesized in
humans. An area of potential confusion is that cortisol
is traditionally called hydrocortisone when administered as a pharmaceutical. Cortisol can bind to the
glucocorticoid receptor (GR), which is expressed at
varying levels in almost all cells. This binding
accounts for the majority of responses seen in
healthy individuals. Cortisol also has some mineralocorticoid activity because it can bind to the MR.
This binding is normally limited by the presence of
an enzyme in mineralocorticoid target tissues, 11βhydroxysteroid dehydrogenase type 2 (11β-HSD2),
which rapidly inactivates cortisol to its inactive
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metabolite cortisone [6]. This enzyme does not inactivate aldosterone, leaving this steroid free to bind
to the MR. When cortisol levels are moderately high,
however, the mineralocorticoid action of cortisol
becomes clinically significant [7]. Cortisol is rapidly
synthesized in the adrenal cortex in response to
ACTH synthesized in the pituitary. ACTH is secreted
from the pituitary in response to corticotropin
releasing hormone (CRH), which is secreted from
the hypothalamus. CRH is released in response to a
range of factors, including neurological inputs entraining the normal diurnal rhythm of cortisol secretion
and a range of physiological and psychological
stressors.
DHEA is a weak adrenal androgen of uncertain
physiological importance. Most of the DHEA in the
circulation exists as DHEAS. DHEA is thought to
exert its actions primarily through downstream conversion to more powerful androgens, such as
androstenedione and testosterone in various tissues
[8]. DHEA synthesis is ACTH dependent, but there
may also be mechanisms within the adrenal gland
that can control the relative production of glucocorticoids and adrenal androgens [9].
Steroid hormones bind to circulating binding proteins. Circulating cortisol is heavily bound to a specific binding protein, cortisol binding globulin (CBG;
also known as transcortin), and to a lesser extent to
albumin [10,11]. In healthy individuals, as little as 5%
of cortisol will be present as a free fraction in the circulation, but only this fraction can diffuse into the tissues. Because the levels of CBG are very low at a
tissue level under normal circumstances, the tissue
cortisol level will actually be much lower than suggested by measurements of serum concentrations
(0.1-1 μg/dL [1-20 nmol/L] compared with 7-14 μg/dL
[200-400 nmol/L]). Congenital or acquired alteration
in binding protein levels or affinity for cortisol will
profoundly affect serum levels of cortisol but not the
tissue level of steroid [12]. The most important situations in which CBG levels are elevated are pregnancy
and during use of estrogen-based oral contraceptives.
CBG levels are low in patients with severe illness, as
described below. Current methods to directly measure free cortisol are technically difficult to perform
and are not standardized for clinical use, although
recent reports suggest that free cortisol estimation
using CBG and albumin concentrations can give a
reasonable approximation [13].
Whereas there has been great interest in the synthesis and secretion of corticosteroids, there has been
much less interest in their metabolism. Variation in
metabolism of cortisol is, however, likely to be of clinical significance both at a systemic and a tissue level.
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In normal physiology, the metabolism of cortisol
is dominated by the liver and the kidney [14]. A
proportion of the cortisol present in serum is converted to cortisone within the kidney because of
the presence of large amounts of the 11β-HSD2
enzyme within this organ. Cortisone is biologically
inactive but can be converted back to cortisol in tissues that express the 11β-hydroxysteroid dehydrogenase type 1 (11β-HSD1) enzyme (as described
below). The liver is able to convert cortisone back
to cortisol, but there are also a range of other
enzymes in the liver that can metabolize cortisol
and cortisone to less active, more polar metabolites
that are then excreted in the urine. The balance
between cortisol and cortisone interconversion and
hepatic degradation is a major factor in determining
the circulatory half-life of cortisol [15].
In recent years it has been realized that some
tissues are able to generate active glucocorticoids
from inert circulating precursors [15]. This occurs by
the presence of the 11β-HSD1 enzyme that primarily
converts inactive cortisone to active cortisol. This
enzyme is expressed constitutively in liver, adipose,
and bone tissue but additionally is expressed in a
range of other tissues in response to inflammatory
mediators [16-18]. The purpose of this inflammationinduced glucocorticoid activating capacity is unclear,
but it may be important in dampening local inflammatory responses. Importantly, this is a situation
where cortisol production is not regulated by the
classical hypothalamic–pituitary–adrenal (HPA) axis.

Changes in HPA
Axis During Critical Illness
Dramatic changes in HPA axis function occur at all
levels during critical illness [2]. Some of these features appear common to all types of severe illness,
whereas others may vary depending on the underlying condition. The nature and mechanisms underlying these changes probably change with disease
duration, and attempts have been made to break
these down into distinct acute, chronic, and recovery phases [19,20]. These anticipated changes are
also modified by a range of external factors. These
include disease-related pathology (eg, infection or
hemorrhage) and treatment-related factors (eg,
drugs). Changes in HPA function can be divided
into those attributable to changes in cortisol secretion via central and adrenal influences and those
attributable to changes at a tissue level (eg, cortisol
binding or metabolism).
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Central and Adrenal Changes
The most recognized change during critical illness
is the dramatic increase in serum cortisol levels [2133]. This occurs rapidly in virtually all types of acute
illness. In the early phase of illness, this increase is
primarily attributable to increased synthesis of cortisol in the adrenal cortex. Normal corticosteroid
production rates in healthy subjects have been estimated to be approximately 10 to 17 mg of cortisol
per day, a figure that varies considerably between
individuals, is dependent on body composition and
sex, and increases with age [34,35]. This increases
substantially during acute stress, although the
absolute change has been difficult to estimate and
there may be differences in the increment depending on the type of stressor [28]. In trauma, hemorrhage, postoperative surgery, and cardiac arrest,
cortisol concentrations have been reported to be 35
μg/dL, 15 to 20 μg/dL, 30 μg/dL, and 40 μg/dL,
respectively [21-26], whereas in septic shock a
much more variable range of mean cortisol values
(13-63 μg/dL) has been reported [27-29,31-33,36].
The rapid increase in cortisol levels is primarily
attributable to a rapid increase in hypothalamic
CRH production, which leads to a corresponding
increase in ACTH levels. To a lesser extent,
non–ACTH-mediated effects have been implicated,
such as direct cytokine-mediated stimulation of cortisol synthesis and augmentation of cortisol release
by sympathetic nervous system stimulation [37].
Other features of this increase in serum cortisol are
that the typical diurnal pattern of secretion is lost
and the capacity of glucocorticoids to cause negative feedback inhibition of CRH and ACTH production is reduced [38].

Changes at a Tissue Level
After the acute phase of illness, cortisol levels
decrease but still remain higher than in unstressed
individuals [39]. It has been assumed that this persistent elevation is attributable to continued increased
secretion, but other factors such as altered clearance
of cortisol could also be important [28]. Metabolism
of cortisol, for example, alters during acute illness.
The systemic conversion of cortisone to cortisol (a
reaction catalyzed by 11β-HSD1) appears to increase
substantially [40]. The tissues mediating this conversion are unclear, but inflammation up-regulates
11β-HSD1 activity in a range of tissues including
stromal cells such as fibroblasts [41]. This reflects
non–ACTH-mediated cortisol generation and will
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increase the apparent half life of cortisol in the circulation as well as increase local levels of steroid in
tissues expressing 11β-HSD1. Other factors that are
likely to affect cortisol metabolism are renal and
hepatic function. The liver is the main pathway
through which cortisol is broken down, and any
reduction in hepatic blood flow is likely to impair
cortisol clearance. The kidneys also inactivate cortisol to cortisone, and thus reduced renal blood flow
is likely to reduce this inactivation. These pathways
may partly explain why there is a dissociation of
the serum cortisol and ACTH levels during critical
illness [42].
The other dramatic change in the HPA axis that
occurs during acute illness is the rapid reduction in
the levels of CBG leading to an alteration in the ratio
of bound to free cortisol in the serum [13,39,43].
This effect occurs in the first few hours of all types
of acute illness and is primarily thought to be attributable to decreased hepatic production of CBG.
There may also be a component of CBG breakdown
during sepsis. Neutrophil elastase can cleave CBG to
inactive forms, and this may be a physiological
mechanism to deliver free cortisol to sites of inflammation [44]. It is also possible that other changes in
the binding of CBG to cortisol occur during sepsis
[39]. The nature of these changes is unclear but
could alter the amount of free cortisol available. The
implication of this changed free to bound cortisol
ratio is that the total cortisol measured in the serum
will not appropriately reflect the change in bioavailable cortisol. The altered levels of CBG are also
likely to alter pharmacokinetic properties of secreted
cortisol or administered hydrocortisone and will
complicate attempts to accurately measure cortisol
production rates.

Effects of Disease
Processes/Therapeutic Interventions
In addition to these expected changes in the HPA
axis, many disease processes and therapeutic interventions affect HPA axis function (Fig 1). At a central level, mass lesions (eg, tumour or abscesses) could
damage the hypothalamus, the pituitary, or the connections between the two. Other central nervous
system (CNS) diseases such as subarachnoid hemorrhage or head injury could also induce hypopituitarism. Abnormal HPA axis function has been
reported to be common in the acute phase of both
head injury and subarachnoid hemorrhage [45,46]
and may represent underlying vascular injury to
the hypothalamus or pituitary. Sedatives have the
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Fig 1. Possible causes of corticosteroid insufficiency in
critical illness. Reduced cortisol action can arise from effects
of disease or therapeutic interventions on the hypothalamus (rectangle), pituitary (circle), or adrenal (triangle) or
at the tissue level. CNS = central nervous system; SAH =
subarachnoid hemmorhage; CRH = corticotropin-releasing
hormone; AVP = arginine vasopressin; ACTH = adrenocorticotropic hormone; CBG = cortisol binding globulin;
HIV = human immunodeficiency virus.

potential to disrupt the input to the hypothalamus
from other areas of the brain [47].
Many disease processes affect the adrenal
glands. To induce adrenal insufficiency, the disorder would usually have to be bilateral, but adrenal
hemorrhages (Waterhouse-Friderichsen syndrome
[48,49]), adrenal infiltration by infections, and bilateral adrenal metastases [50] all occur relatively commonly. The adrenal cortex may also be affected at
a functional level by drugs and inflammatory mediators. Inflammatory cytokines have been reported
to directly stimulate cortisol release from adrenal
cortical cells in some circumstances but to reduce
the capacity to generate corticosteroids in response
to ACTH in others [51]. Several commonly used
drugs can also impair adrenal responses. The most
common of these is oral corticosteroids. These are
used on a chronic basis by approximately 1% of the
population and almost 3% of the elderly. Because
these drugs reduce endogenous ACTH secretion, a
factor essential for the maintenance of adrenal cortex integrity, they can induce adrenal atrophy that
may persist for weeks or months after cessation.
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Other drugs with a glucocorticoid-like action (eg,
megestrol acetate and medroxyprogesterone) may
also have this effect [52,53]. Inhaled glucocorticoids
are used even more widely than oral glucocorticoids, and although they are less likely to cause
adrenal atrophy, this still remains a risk [54]. Drugs
used in the critical care setting such as etomidate
and ketoconazole inhibit glucocorticoid synthesis,
whereas others (eg, rifampicin) increase the metabolic clearance of cortisol. The impact of etomidate
in a critical care setting is particularly important
(recently reviewed by Jackson [55]). The introduction of this agent was associated with a dramatic
increase in mortality, attributable primarily to multiorgan failure and sepsis [56]. It was subsequently
determined that etomidate is a potent inhibitor of
adrenal corticosteroid synthesis and when given as
a continuous infusion rapidly reduced the capacity
of the adrenal gland to respond to ACTH [57,58].
The use of etomidate is associated with abnormalities of ACTH stimulation test responses even after a
single dose, and its use for anesthetic induction has
been linked with a poor outcome in children with
meningococcal septicemia [59].
Patients with HIV infection can develop adrenal
failure through a range of mechanisms including
infections and adrenotoxic medications, but these
patients can also develop tissue glucocorticoid
resistance [60].
The levels of other adrenal corticosteroids also
change during critical illness. Aldosterone levels
increase in response to ACTH stimulation and also
with changes in the renin–angiotensin–aldosterone
axis activity. The clinical importance of changes in
aldosterone levels is less certain than for changes in
cortisol. DHEA levels also change during critical illness. The most well documented change is the dramatic reduction in serum DHEAS levels. This has
been attributed to a decrease in secretion of DHEA,
a reflection of a shift away from the production of
adrenal androgens to corticosteroids [61]. Although
this may occur to some extent it now seems likely
that DHEA production is maintained during sepsis
but the generation of DHEAS from DHEA decreases
[62,63]. DHEA is thought to be the biologically
important hormone rather than DHEAS, so the
decrease in DHEAS levels may not be biologically
significant.

Corticosteroid Insufficiency
It is now well established that an absolute or relative deficiency of glucocorticoids is associated with
an adverse outcome. This has been demonstrated
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in patients with structural disease of the HPA axis
(eg, Addison’s disease [64]), patients who have previously taken high doses of glucocorticoids such
that there is acquired adrenal suppression, and
patients who have been exposed to drugs that
block adrenal corticosteroid synthesis [56]. More
controversially, it has also been hypothesized that
many patients with severe illness may be unable to
mount a sufficient adrenal hormone response
attributable to the factors outlined above and that
this would lead to an adverse outcome. If this were
the case, replacement of corticosteroids would be
expected to improve outlook. It is not clear, however, how frequently such insufficiency actually
occurs and the level of the HPA axis affected.
Although it is often implicitly assumed that the
adrenal gland itself is primarily affected, there are
other levels where the action of glucocorticoids
could be reduced.
The clinical features of definite corticosteroid
insufficiency are instructive as to what to expect in
disease-related insufficiency. The best example of
drug-induced corticosteroid insufficiency is the
long-term use of etomidate, which, as discussed
above, is now known to be a potent inhibitor of
cortisol synthesis. Patients who were treated with
etomidate did not exhibit clinical features suggestive of adrenal insufficiency, illustrating that clinical
recognition of insufficiency in other settings is
likely to be difficult.
The feature that has been most often linked with
corticosteroid deficiency is hypotension that is
responsive to glucocorticoid treatment [65]. Similar
glucocorticoid-responsive hypotension has frequently been reported in septic shock, suggesting
that adrenal gland failure may be a feature of
severe sepsis. These observations suggested that
failure of the adrenal gland as an organ might be a
relatively common event and that replacement of
glucocorticoid levels might be required routinely in
this setting. This led to the concept of functional
adrenal insufficiency. Implicit in this label is that
there is no structural abnormality of the adrenal
gland (and pathological examinations of adrenal
glands of patients in this setting have not shown
gross abnormalities) but corticosteroid production
is impaired. This is hypothesized to be a transient
effect because the majority of patients who recover
have a return to normal adrenal gland function [66].
It has proven difficult to confirm whether this state
actually exists and how it can be tested for biochemically [64].
In outpatient endocrine practice, a major cause of
corticosteroid insufficiency is pituitary (or rarely
hypothalamic) disease. In this setting, impairment of
352

ACTH production will reduce cortisol secretion. In
acute ACTH deficiency, different biochemical tests
are required for diagnosis because the adrenal gland
retains responsiveness to exogenous ACTH, rendering any test that depends on ACTH administration
dangerously misleading. Even in patients with septic shock, secondary adrenal insufficiency appears
to be a significant cause of adrenal insufficiency.
Almost half of patients with adrenal insufficiency in
one study had evidence of secondary adrenal insufficiency on the basis of low ACTH levels and an
intact response of aldosterone to ACTH [67].
Another level where corticosteroid insufficiency
could occur is within the tissue itself. Glucocorticoids
need to bind to their specific receptors to have an
effect, and there is evidence that variation in the
number of these receptors and their affinity for glucocorticoids occurs in various settings. Manipulation
of the number or sensitivity of GRs in experimental
animals affects survival in response to an inflammatory challenge, with overexpression of GRs
improving resistance to endotoxin-mediated septic
shock [68] and receptor blockade by a GR antagonist increasing mortality [69]. Hypoxia appears to
improve GR signaling in vitro [70], whereas nitric
oxide has been proposed as a mediator of reduced
GR function in sepsis on the basis of animal studies
[71]. Inflammation has complex effects on GR
number and function in humans, and peripheral
blood mononuclear leukocytes isolated from
patients with septic shock exhibit decreased sensitivity to glucocorticoids, a defect that recovers on
disease resolution [72]. These effects are likely to
vary between tissues. This raises the possibility that
there may be high levels of cortisol within the tissue and available for binding to the GR but impairment of steroid binding may create a corticosteroid
insufficient state within the tissue. In vivo evidence
for this is weak, but if this were the case it would
force a change in many of the concepts concerning
adrenal insufficiency. First, it would suggest that
insufficiency could occur even when the adrenal
gland function was normal (thus it would not be
adrenal insufficiency). Second, it would be impossible to diagnose this state on the basis of serum or
even tissue levels of glucocorticoids. It would also
suggest that treatment would require supraphysiological levels of glucocorticoids to achieve an adequate level of glucocorticoid action in the tissue.
Other possible causes of tissue insufficiency would
be alteration of glucocorticoid metabolism in the
tissues (eg, failure to generate a sufficient amount
of glucocorticoids locally). Again, evidence that this
is a mechanism that is important in critical illness is
not yet available.
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Given this potential complexity, at which level is
corticosteroid insufficiency likely to occur? Our
view is that this will depend heavily on the underlying type of illness. In patients with septic shock,
corticosteroid insufficiency will most likely be
attributable to abnormalities at the adrenal or tissue
level. Patients with head injuries or CNS disease
will be more likely to have corticosteroid insufficiency at a central level with structurally normal
adrenal glands. In other settings, defects at any of
these levels might occur.

Can Adrenal Insufficiency Be Diagnosed
Clinically or Biochemically?
In an outpatient setting, the symptoms and signs of
adrenal insufficiency are often vague and nonspecific.
As such they are easily missed. Common symptoms
such as fatigue and lethargy are often only attributed to adrenal insufficiency at a late stage. More
often the diagnosis of primary adrenal insufficiency
is suggested by an increase in pigmentation or an
abnormally raised potassium level. Adrenal insufficiency of pituitary origin is often diagnosed on the
basis of symptoms attributable to other hormone
deficiencies (eg, loss of libido or amenorrhea attributable to gonadotropin deficiency). It seems even
more likely that signs of adrenal insufficiency will
be missed or will not be apparent in the context of
critical illness. Some series have suggested that
eosinophilia [23,73], hyponatremia, or hypoglycemia
[67] may be more common in patients with corticosteroid insufficiency, but these features are not
seen consistently. Additionally, the differences
between groups are not marked, and thus although
they may alert the clinician in some settings, these
features are not sensitive or specific enough to be
used on a routine basis. Some authors have suggested that vasopressor dependency itself is a sign
of corticosteroid deficiency, whereas others believe
that the beneficial effects of glucocorticoids are
pharmacological, attributable to reversal of vasopressor-induced adrenergic receptor desensitization
[74]. It still remains unclear the extent to which glucocorticoid-induced shock reversal reflects corticosteroid insufficiency or whether this is a general
feature of glucocorticoid treatment.
There is now a general consensus with regard to
outpatient testing for adrenal insufficiency [75].
Although basal or random serum cortisol measurements can be helpful in some settings, their variability throughout the day and tendency to increase
with mild stress reduce their diagnostic accuracy. The

Journal of Intensive Care Medicine 22(6); 2007

mainstay of testing is therefore ACTH stimulation
testing. The traditional ACTH stimulation test (also
referred to as the Cosyntropin, Synacthen, or tetracosactrin test) involves the baseline measurement
of serum cortisol and then a subcutaneous or intravenous injection of 250 μg of synthetic ACTH(1-24).
At 30 minutes after ACTH, a further serum cortisol
is obtained. In this test, the basal cortisol is usually
of little diagnostic importance but the absolute
value of the post-ACTH cortisol is critical. If this
value exceeds a defined threshold (typically 18-20
μg/dL [500-550 nmol/L], although exact values are
heavily assay specific), then adrenal insufficiency is
considered to be unlikely. This test is thought to
reflect the capacity of the patient’s adrenal cortex to
respond to any future severe illness that is mimicked by the supraphysiological dose of ACTH [76].
The increment in cortisol values across this test
does not give any additional information and will
generally reflect either the time of day that the test
is done (small increments are typically found in the
morning because of the higher basal as part of the
diurnal rhythm [77]) or the degree of stress that
the patient is experiencing before the baseline
value (with patients exposed to stressors having
high basal values and thus small increments). An
important feature of the test is that a baseline ACTH
measurement can also be taken, and in the event of
a failed test this can be used to determine whether
the adrenal insufficiency has an adrenal (when
ACTH would be expected to be high) or pituitary
origin (when ACTH would be expected to be low
or inappropriately normal). The test is useful in
long-standing secondary adrenal insufficiency
because deficiency in ACTH will lead to a degree
of adrenal atrophy and thus a failure to acutely
respond to ACTH [78]. A variation is the low-dose
ACTH test. This uses 1 μg of ACTH(1-24), which leads
to more physiological levels of ACTH during testing
[77]. This test may be more sensitive for diagnosing
mild degrees of adrenal insufficiency, but whether
this is better at identifying patients who will struggle
to appropriately respond to various stressors is
unclear. There are some situations in which the
ACTH test is not reliable. An especially important
situation is in patients who have recent-onset ACTH
deficiency (eg, following pituitary surgery or pituitary apoplexy). In this situation, the adrenal gland
will retain responsiveness to exogenous ACTH but
cortisol levels will be low because of low endogenous ACTH levels. Within 2 to 3 weeks, the lack of
ACTH will lead to adrenal atrophy, and thus any
ACTH testing beyond this time should become reliable again. Another limitation is the influence of
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Fig 2. Tests used to assess adrenal function during critical illness. ACTH = adrenocorticotropic hormone; IM =
intramuscularly; IV = intravenously; CBG = cortisol-binding globulin; OCP = oral contraceptive pill; FCI = free cortisol index.

CBG on cortisol levels, a factor that limits the usefulness of this test in pregnancy or in individuals
taking estrogen-based oral contraceptives. It also
appears that there are large differences between
centers in the performance of the cortisol assay,
which further limits the ability to recommend uniformly applicable levels for diagnosis and treatment.
In situations where there is uncertainty or possible recent secondary insufficiency, the gold standard test is the insulin tolerance test [79]. This test
involves the administration of insulin such that
hypoglycemia is achieved. This test stimulates the
whole of the HPA axis, and the expected response
is an increase in cortisol above a threshold value
(similar to that of the ACTH test). Less commonly
used tests are the overnight metyrapone test, the
long ACTH test, and the CRH test. Metyrapone
inhibits 11β-hydroxylase, the final enzyme in corticosteroid biosynthesis. In patients with an intact
HPA axis, this decrease in cortisol should lead to an
increase in ACTH levels and a corresponding
increase in 11-deoxycortisol levels, the precursor
proximal to the 11β-hydroxylase enzyme [80]. A long
ACTH test is used to distinguish between primary
and secondary adrenal insufficiency because prolonged ACTH stimulation should gradually increase
adrenal cortisol production in pituitary disease but
not adrenal disease. These 2 tests are rarely used now
because other assays that assess the axis are easier to
354

perform and more reliable (eg, ACTH assays) and
because pituitary imaging has improved.
Unfortunately, many of the assumptions underlying outpatient tests of adrenal function do not apply
in critical care, and some tests are contraindicated.
Most important, there is no gold standard test that
can exclude adrenal insufficiency. The insulin tolerance
test, for example, is not suitable for use in critically
ill patients because of the risks of hypoglycemia.
The types of tests that have been examined include
random/basal cortisol levels (either total or free),
stimulated levels following exogenous ACTH, or the
increase in cortisol levels in response to ACTH
(Fig 2). The potential usefulness of these tests is
likely to depend on the nature of the underlying
cause for adrenal insufficiency.
Any conventional test of HPA axis function
assumes that the proportion of free to bound cortisol in the serum does not change. This assumption
will be invalid in almost all critically ill patients
because there is an increase in the free to bound
ratio and a decrease in serum cortisol-binding
capacity attributable to changes in CBG and albumin via the mechanisms outlined above. Attempts
have been made to circumvent this issue in various
ways (reviewed recently by Arafah [3]). The use of
total serum cutoffs that differ in patients known to
have more marked derangements in albumin (eg,
those with preexisting liver disease or who develop
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low albumin levels during illness) has been proposed.
Alternatively, albumin and CBG can be measured in
addition to serum total cortisol and equations can
be used to correct the total cortisol, giving a calculated “free index.” Another option is to measure
free cortisol directly using equilibrium dialysis (a
technique in which free but not bound cortisol can
diffuse across a membrane and be measured
directly) [11] or cortisol in a fluid that contains minimal binding proteins (such as saliva) [81]. These
techniques are promising and have stimulated interest
but are not yet proven in clinical practice. Equilibrium
dialysis, for example, is a labor-intensive and relatively time-consuming technique.
Stimulation tests are the best indicators of hormonal deficiency in most endocrine systems. The
use of adrenal stimulation tests in critically ill
patients is complicated, however, by the fact that
these patients should already have high cortisol
stimulation attributable to their underlying disease.
Cortisol values defined before and after ACTH in
nonstressed healthy individuals may indicate adrenal
insufficiency in a stressed setting. Furthermore, in
normal individuals undergoing an ACTH test, cortisol levels are checked very shortly after a single
dose of ACTH. If a prolonged infusion of ACTH is
given, then cortisol levels continue to increase to
much higher levels because of the induction of
enzymes important in cortisol biosynthesis and if
continued, lead to adrenal hypertrophy. If critical
illness is analogous to this “long ACTH stimulation
test,” then the traditional cutoff values used in outpatient care for the short ACTH test would be
meaningless. It would also be expected that chronically stimulated adrenal glands would be able to
maintain cortisol levels with lower serum levels of
ACTH, and this could account for some of the
apparent dissociation between ACTH and cortisol
levels, which has been suggested to be evidence of
non–ACTH-mediated stimulation of cortisol synthesis. A major area of debate is whether an increment
in cortisol value should occur in critically ill patients
given exogenous ACTH. Some studies have suggested that an increment occurs independent of
basal cortisol levels [31,82,83], whereas others have
suggested that the increment decreases in proportion
to baseline [5,84,85]. It is possible that these differences are attributable to the different timing of ACTH
testing. Testing in the early stages of severe stress
(eg, extubation [84]) would probably lead to little
additional increment because the adrenal gland has
not had chance to undergo any compensation.
Testing of responses a few days into illness may
show an increment if the adrenal glands have been
able to make compensatory changes.
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Another factor limiting interpretation of stimulation tests is an alteration in cortisol metabolism. An
impairment in cortisol metabolism would be expected
to increase cortisol levels in the serum for the same
(or even lower) level of ACTH. This would invalidate
the use of a universal threshold value following
ACTH stimulation because this might not genuinely
reflect an adequate adrenal cortisol synthetic reserve.
Theoretically, the only test that would be useful in
this context would be an incremental change, a high
increment after ACTH regardless of the actually cortisol levels being the important measure. This use of
the increment has been advocated in some settings,
especially septic shock. An increase of <250 nmol/L
across an ACTH test has become almost synonymous with functional adrenal insufficiency [82]. A
poor increment has been linked with poor outcome
in septic shock, even in people with very high basal
cortisol values, and glucocorticoid supplementation
in patients with a poor response might improve outcome [86,87].
Unfortunately, the use of this increment in clinical practice is fraught with difficulties. Most important, it theoretically should only have value over
other tests in patients who have the most severe illness and whose HPA axis has reached equilibrium.
In patients who do not have severe illness, an
increment of 250 nmol/L is likely to be falsely reassuring. The best illustration of this is patients who
have acute intracranial injury. Here the basal cortisol may be low because of loss of ACTH secretion,
but the adrenal glands would show a brisk increment. Likewise, patients in the early stages of
severe illness (eg, in the first few hours postresuscitation from prolonged cardiac arrest or immediately after extubation) would be expected to have
low increments because the adrenal gland is maximally secreting cortisol [24,84]. A further problem
with this test is that it appears to have poor reproducibility in septic shock when repeated in the
same patients [66,88]. Patients with abnormal
responses to this test on one day were no more
likely to have abnormal responses to the test on the
subsequent day than people who responded. This
appears primarily attributable to the marked variation in serum cortisol that occurs from hour to hour,
and spontaneous changes in cortisol levels that
would indicate a successful pass occur commonly
in these patients [89]. The use of 2 separate tests to
generate the increment (rather than 1) will also
negatively affect the reproducibility of the test by
compounding errors estimating each of the values.
These considerations indicate that biochemical
tests may be able to suggest the presence of clinically significant corticosteroid insufficiency but that
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no single test would be appropriate to all situations.
Clinical situations where testing schedules are likely
to differ include almost all aspects of neurological
critical care, treatment of patients with liver disease
or marked hypoalbuminemia, and treatment of patients
with septic shock.

Does Glucocorticoid Supplementation
Have a Beneficial Effect?
The main reason for the study of adrenal insufficiency
in critical illness is to determine whether outcome
might be improved by glucocorticoid replacement or
supplementation. Initial studies examining the potential benefits of steroids used high-dose regimens with
broad groups of patients usually without prior testing
to determine if adrenal function was satisfactory.
Although these studies showed temporary improvement in surrogate markers such as vasopressor
requirements, glucocorticoid use was not associated
with a survival benefit in controlled trials and may
have even worsened outcome. More recently, studies
have examined lower doses of glucocorticoids given
in prolonged courses in highly defined groups of populations, often with treatment stratified on the basis of
biochemical tests. The relationship of corticosteroid
supplementation to improvements in acute respiratory
distress syndrome (ARDS) is also important in this setting, because this is a potential mechanism by which
corticosteroids could improve outcome.
The use of very high dose steroids was stimulated by positive results in animal studies [90] and
preliminary reports that suggested substantial beneficial effects in patients with septic shock [91].
These clinical studies involved a heterogeneous
patient population and had methodological flaws.
The issue appeared to be clarified by 3 randomized
controlled trials of high-dose steroids in the mid1980s that failed to show a significant impact of
steroids on survival [92-94], conclusions supported
by meta-analyses [95,96]. These studies typically
used massive doses of glucocorticoids (either
methylprednisolone or dexamethasone) for very
short periods (24 hours or less). Although there was
a suggestion that glucocorticoids caused a transient
improvement in some hemodynamic parameters,
any benefits were offset by later deterioration.
In the mid-1990s, there was a renewed interest in
the use of lower doses of glucocorticoids intended
to mimic physiological replacement (which translated to approximately 1% the steroid potency of
earlier studies). These doses were also used for a
much longer period of time and were generally
tapered gradually. These studies suggested that the
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beneficial effect of glucocorticoids on shock reversal was still present at these lower doses, but a
worsening of sepsis was not apparent [87,97,98].
There was a trend to a reduction in intensive treatment unit and hospital length of stay and mortality.
This improvement in hemodynamics with these
lower dose regimens has also been seen in several
observational studies [23,86,99,100]; however, other
studies have failed to show an association with
improved hemodynamics or mortality [101], and
others have suggested an association of a poorer
outcome with corticosteroid use in a diverse critical
care population [100,102,103]. Most of the studies
have examined the use of glucocorticoids in
patients with septic shock regardless of the results
of biochemical testing and have suggested that the
benefits are independent of the results. The largest
study, however, divided patients into groups on the
basis of the incremental response to an ACTH test,
with nonresponders having increments <9 μg/dL
(250 nmol/L) and responders having increments >9
μg/dL. This study was reported as showing a benefit from hydrocortisone in the nonresponders but
a trend toward harm from steroids in responders.
Several criticisms have been leveled at this study,
including the statistical approach, the lack of power
to draw conclusions about the responders, and the
use of etomidate in a subset of subjects [104] (who
almost universally had a poor response to ACTH on
retrospective analysis). However, it remains the
largest controlled trial addressing the issue of glucocorticoid replacement. Recent meta-analyses of
steroid supplementation trials also suggest that low
doses of corticosteroids have a beneficial effect in
terms of shock reversal and mortality [105,106].
It thus still remains unclear which patients benefit
from hydrocortisone supplementation and what measures should be used to define response. Although
some studies have shown improved hemodynamics
in a whole cohort of patients treated with steroids
[107], others suggest that patients with biochemical
impairment are more likely to have a response
than those with normal biochemistry [23,108,109].
Although it is intuitive that improved hemodynamics would be likely to translate into improvements
in morbidity and mortality, this cannot always be
assumed to be the case. The other disease state that
is relevant to these patients is ARDS, a condition
that itself has a controversial history regarding glucocorticoid supplementation. The relationship
between glucocorticoid replacement and ARDS is
beyond the scope of this review, but many studies
examining septic shock have overlapped with those
examining ARDS. Early studies suggested that
short-term high-dose steroids failed to prevent or
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improve outcome in ARDS [110,111]. More recent
evidence supported the use of methylprednisolone
in pharmacological doses for patients with nonresolving ARDS [112], but this practice has itself been
questioned because of the results of a recent large
clinical trial [113]. A role for low-dose glucocorticoids in ARDS has been suggested with a subanalysis of the French multicenter trial of glucocorticoids
in septic shock, where the improved outcome
appeared to be primarily a result of improvement in
ARDS [114]. This doubt about how glucocorticoids
exert their beneficial effects inevitably makes it difficult to confidently use a particular physiological
parameter as a measure of glucocorticoid deficiency
or as a guide to responses to glucocorticoids in individual patients. It also makes it difficult to evaluate
dose–response relationships between important
variables and glucocorticoid replacement. Although
doses close to physiological levels appear sufficient
to provide hemodynamic support, it has been suggested that much higher levels of glucocorticoids
are needed to overcome the activation of inflammatory pathways in lymphocytes [115,116]. A better
understanding of these relationships would be
required to confidently know whether glucocorticoid replacement should be aimed to achieve truly
physiological levels, moderately supraphysiological
levels (as current regimens probably do), or pharmacological levels.

Role for Measurement or Replacement of
Other Adrenal Corticosteroids?
Other hormones that are lacking in complete
adrenal failure are aldosterone, adrenal androgens
(primarily DHEA), and adrenaline, the main hormone secreted from the adrenal medulla.
There is currently little evidence to suggest that
aldosterone deficiency per se is a major problem in
critically ill patients. This would be supported by
clinical experience in patients with preexisting
Addison’s disease, where the omission of any mineralocorticoid replacement appears to be without
consequence as long as cortisol/hydrocortisone
levels are sufficient to replace the mineralocorticoid
activity. However, fludrocortisone was used in the
biggest randomized trial of corticosteroid supplementation in septic shock [87]. Adrenal androgens
(DHEA) may be more important, although again
they are not routinely substituted in patients with
adrenal insufficiency. Clinical benefits in this setting
are currently confined to quality-of-life indices [117],
but a potential role in reducing cardiovascular risk
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is being explored. DHEA appears to have an antiinflammatory role in some settings, and the use of
DHEA supplementation during critical illness has
been proposed and evaluated in animal models
[32]. The use of DHEA was justified on the basis of
an apparent decrease in adrenal androgen production, but recent work has cast doubt on whether
adrenal androgen production actually decreases and
has suggested that DHEA production is enhanced
[118]. If, as seems likely, DHEA is the main active
form of adrenal androgen, the rationale for using
DHEA as a replacement rather than a pharmacological supplementation is weak.
Deficiency of adrenal medullary hormones is
likely to occur in a range of settings, including
structural disorders of the adrenal gland but also
any cause of glucocorticoid deficiency because
adrenal catecholamine production is dependent on
high glucocorticoid concentrations from the adjacent
adrenal cortex [119]. Patients who have adrenal cortical dysfunction appear to have abnormalities of
cardiovascular responses [120], but the importance
of this in a critical illness setting has not been
explored extensively.

What Should We Do on the Basis of
Current Information?
Many issues surround the practical use of glucocorticoids. Outstanding questions include which
patients to test for adrenal insufficiency, which tests
to use, when and how often to test, and how to
interpret these tests. Should glucocorticoid treatment be based on abnormal tests or clinical factors,
should all patients with specific conditions receive
glucocorticoids, and should patients receive other
steroids such as fludrocortisone and DHEA? If glucocorticoids are used, what are the optimal dose
and duration?
The nature of the tests and their interpretation
will depend on the type of underlying illness, and
it may be unwise to apply criteria that work well in
one setting to another. For septic shock, there is
some evidence that glucocorticoid supplementation
may be beneficial in patients who have a poor
cortisol increment (<250 nmol/L) across an ACTH
test. This test might therefore be used to select
patients to treat (or not to treat) in this setting.
Outside of this context, however, the assumptions
underlying the use of the increment are invalid and
should not be used. In patients for whom there is a
clinical suspicion that adrenal dysfunction may be
attributable to a problem intrinsic to the adrenal
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Fig 3. ACTH = adenocorticotropic hormone; ICU = intensive care unit; AI = adrenal insufficiency.

gland (or a longstanding central disease), then an
ACTH stimulation test is likely to be most informative with a cutoff value applied to the cortisol value
poststimulation. The best cutoff has yet to be
defined, but the value of 25 μg/dL (690 nmol/L) has
been recommended, and it seems reasonable to use
a cutoff higher than that used in an outpatient setting because the peaks achieved during this test are
on average higher than those in patients without
severe illness. There are also some physiological
data to support this level, with reports that septic
shock patients with cortisol levels below this value
are more likely to have beneficial effects on hemodynamic responses to glucocorticoid supplementation [99]. For patients in whom the critical illness is
attributable to an acute intracranial event, then
ACTH stimulation tests using either the increment
or a post-ACTH value will be dangerously misleading. In this setting, an unstimulated cortisol will be
more useful. This is likely to be influenced by the
severity of the underlying illness and whether there
are associated injuries, but an unstimulated value of
less than 15 μg/dL (414 nmol/L) in mild stress or 25
μg/dL (690 nmol/L) in severe stress might be used
to indicate patients at risk of having central adrenal
insufficiency. In some settings, the underlying clinical context will be more complex and the origin of
possible adrenal insufficiency unclear. In this setting, the use of an algorithm that combines a baseline cutoff with a post-ACTH stimulation test will
reduce the chance of missing adrenal insufficiency
from any cause (Fig 3). Low-dose ACTH testing or
measurement of “free” cortisol levels should be
considered research tools and should not be used
to make clinical decisions. However, it would be
reasonable to revise cutoff levels in patients with
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hypoproteinemia, and values between 10 and 15
μg/dL might be considered normal in this setting.
The approach to patients with liver disease is an
area where prospective data examining the effects
of corticosteroid supplementation are warranted
given the technical difficulty of measuring cortisol
in this setting and the contrasting reports of low frequency [121] and high frequency of corticosteroid
insufficiency in these patients [85,122]. Treatment of
corticosteroid insufficiency should be with hydrocortisone at a dose of 50 mg every 6 to 8 hours
administered as bolus injections or a continuous
infusion. In patients with septic shock, this regimen
will lead to cortisol levels that are higher than
expected in patients who appear to make normal
adrenal responses [39,107,108]. It is thus possible
that lower doses may be sufficient for replacement,
but until more data are available lower doses cannot be recommended. Additionally, patients without septic shock may not have such high levels of
cortisol during supplementation, and the levels
achieved in an individual patient would be difficult
to predict. Corticosteroid supplementation should
be continued until the patient’s clinical situation has
improved and subsequent tests have examined the
HPA axis formally. In many patients, especially those
who had impaired responses during septic shock,
subsequent tests will be normal [29]. Tapering of
the dose is usually not done before 1 week. Formal
testing of the HPA axis can be performed at a later
date when the patient’s health has improved. There
is little evidence to support the use of fludrocortisone; this might be considered in the context of
septic shock to follow the regimen used in a previous clinical trial but is unlikely central to any beneficial effects.

Journal of Intensive Care Medicine 22(6); 2007

Adrenal Insufficiency

Agenda for Future Research
There is a continuing need for research that will better
define the role of corticosteroid supplementation and
the prevalence and importance of corticosteroid insufficiency. A large international multicenter randomized
trial of corticosteroid replacement in septic shock is
ongoing and will clarify whether glucocorticoid supplementation is beneficial in this setting and whether
the benefits are restricted to patients with abnormal
biochemical results. Similar trials are required in other
clinical settings (eg, liver disease, ARDS, haemorrhagic
shock) before corticosteroid supplementation could
be recommended routinely. Further work to determine markers of corticosteroids insufficiency and predictors of clinical response is also required.
The endocrinology of severe illness, particularly
as it relates to intensive care, is highly topical. In
terms of function of the HPA axis, abnormalities
have been uncovered that if reversed or truncated
might improve patient outcome. Ongoing randomized controlled trials will help to define an evidence
base for therapeutic interventions in this setting.
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