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Acute illness can produce dramatic changes in endocrine function.1–3 Activation of the
hypothalamic-pituitary-adrenal (HPA) axis, as evidenced by an increase in secretion of
adrenocorticotropin hormone (ACTH) and cortisol during illness, is presumed to be
a vital part of the physiologic stress response and is essential for maintenance of
homeostasis and adaptation during severe illness. Cortisol has been shown to
increase after a variety of stressors, and the response is thought to be proportional
to the magnitude of the injury or disease process.3,4 However, human and animal
studies have revealed marked heterogeneity in adrenocortical function in critically ill
patients.5,6

The syndrome of critical illness–related corticosteroid insufficiency (CIRCI), previ-
ously referred to as relative adrenal insufficiency, has been proposed to describe
these endocrine abnormalities associated with illness. This syndrome is characterized
by an inadequate production of cortisol in relation to an increased demand during
periods of severe stress, particularly in critical illnesses such as sepsis or septic
shock.7–9 In patients with CIRCI, cortisol concentrations, despite being normal or
high in some patients, may still be inadequate for the current physiologic stress or
illness, and the patient is unable to respond to additional stress. CIRCI is usually
defined by an inadequate response to exogenous ACTH stimulation.8,10 This failed
response indicates reduced functional integrity of the HPA axis and may lessen the
patient’s ability to cope with severe illness and stress. In the setting of human and
veterinary critical illness, CIRCI appears to be a transient condition secondary to
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severe illness with adrenal function normalizing after recovery. For these patients, life-
long replacement of glucocorticoids is not anticipated.8,11 This article reviews the
physiology and pathophysiology of the corticosteroid response to critical illness and
the incidence, clinical features, diagnosis, and treatment of CIRCI.

NORMAL REGULATION OF THE HPA AXIS DURING ILLNESS

Cortisol secretion by the adrenal cortex is under the control of the hypothalamic-
pituitary axis. Signals from the body (eg, cytokine release, tissue injury, pain, hypoten-
sion, hypoglycemia, and hypoxemia) are sensed by the central nervous system and
transmitted to the hypothalamus. The hypothalamus integrates these signals and
increases the release of corticotropin-releasing hormone (CRH). CRH circulates to
the anterior pituitary gland, in which it stimulates the release of ACTH, which acts
on the adrenal cortex stimulating the release of cortisol. Cortisol, released from the
adrenal glands or from exogenous sources, feeds back on the HPA axis to inhibit its
secretion (negative feedback). Thus, decreased cortisol concentrations (lack of nega-
tive feedback) result in increased CRH-ACTH release and conversely elevated cortisol
concentrations inhibit CRH-ACTH release. By these mechanisms, the body can
control the secretion of cortisol within narrow limits and can respond with increased
secretion of cortisol to a variety of stressors and other signals.
Cortisol circulates in the blood in both bound and unbound forms. Almost 90% of

cortisol is bound to corticosteroid-binding globulin (CBG). It is the unbound or free
cortisol that is physiologically active and homeostatically regulated. Although relative
concentrations of free cortisol have not been well investigated in critically ill patients,
studies suggest that there is a decrease in cortisol binding rather than an increase.8,11

The reduced binding results in elevated free cortisol concentrations in the acute phase
of illness. The cause for this decrease in binding is unknown, but likely increases
cortisol availability to cells and tissues during stress and illness.8,11

ABNORMAL RESPONSE OF THE HPA AXIS DURING ILLNESS

The HPA axis, along with the adrenergic and sympathetic nervous systems, is the
main mediator of the stress response. During acute illness, circulating proinflamma-
tory cytokines, including interleukin (IL)-6, tumor necrosis factor-alpha (TNF-a), and
IL-1b, stimulate the production of CRH and ACTH. Simultaneously, vagal afferent
fibers detect the presence of cytokines such as IL-1b and TNF-a at the site of inflam-
mation and activate the HPA axis. Subsequently, this results in an immediate rise in
circulating cortisol concentrations.12 Cortisol then binds to specific carriers, CBG
and albumin, to reach the target tissues. It is generally accepted that CBG-bound
cortisol has restricted access to the target cells.13,14 At the inflammatory sites, elas-
tase produced by neutrophils liberates cortisol from CBG, allowing localized delivery
of cortisol to the cells.14 Subsequently, cortisol can freely cross the cell membrane or
interact with specific membrane-binding receptor sites. Cytokines may also increase
the affinity of receptors for glucocorticoids.15 Dysfunction at any 1 of these steps can
result in diminished cortisol action. Alternately, cortisol can be inactivated by conver-
sion to cortisone by 11b-hydroxysteroid dehydrogenase type 2. CIRCI may result from
decreased glucocorticoid synthesis or reduced access of glucocorticoids to the target
tissues and cells.

Decreased Glucocorticoid Synthesis

Subsequent to the secretion of ACTH, glucocorticoids are synthesized by the adrenal
cortex from cholesterol. The amount of glucocorticoid found in adrenal tissue is not
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sufficient to maintain normal rates of secretion for more than a few minutes in the
absence of continuing biosynthesis. Thus, the rate of secretion is directly proportional
to the rate of biosynthesis. In other words, any disruption in glucocorticoid synthesis
will immediately result in glucocorticoid insufficiency.16

Critical illness may result in decreased CRH, ACTH, or cortisol synthesis through
damage to the hypothalamus, pituitary gland, and/or adrenal glands. Necrosis and
hemorrhage of the hypothalamus and pituitary gland have been reported in human
sepsis because of prolonged hypotension or severe coagulopathy.17 Thrombosis
and hemorrhage of the adrenal glands have also been proposed as a cause of CIRCI
in human critically ill patients.3,11 Animal studies have shown that septic shock can
produce extensive pathology of the adrenal glands.11,18 For example, hemorrhagic
necrosis, massive hematomas, microthrombi, and platelet aggregation have been
documented in the adrenal cortices of study animals with septic shock.18 Bilateral
adrenal hemorrhage has been found in up to 30% of human critically ill patients
who do not survive septic shock.19 Occasionally, CIRCI can result from pituitary infarc-
tion secondary to traumatic injury or thrombosis.3,11,20

Suppression of CRH synthesis during sepsis may result from neuronal apoptosis,
which may be triggered by elevation in substance P or inducible nitric oxide synthase
in the hypothalamus.21,22 Circulating proinflammatory mediators such as TNF-a may
block CRH-induced ACTH release.23 Similarly, local expression of TNF-a and IL-1b
may interfere with CRH and ACTH syntheses.22 TNF-a may also inhibit ACTH-
induced cortisol release.24 In addition, corticostatins, such as a-defensins, compete
with ACTH at their membrane-binding receptor sites and exert an inhibitory effect
on adrenal cells.25

Numerous drugs that are commonly used in critically ill patients are known to affect
the HPA axis and may ultimately decrease cortisol synthesis. It is suspected that these
drugs contribute, at least in part, to CIRCI.16 Benzodiazepine administration results in
a dose-dependent decrease in serum cortisol concentrations.26 Opioid administration
also results in decreased cortisol concentrations.27 Anesthesia in humans with high-
dose diazepam and fentanyl inhibits the early increase in ACTH and cortisol that
occurs in response to surgery, suggesting that these drugs act at the level of the
hypothalamus.16,28 Discontinuing or reducing the dose of these drugs may result in
clinical improvement in patients with CIRCI.29

Cortisol is synthesized via a series of cytochrome-mediatedenzymatic reactions from
cholesterol. Statins are thought to decrease the available substrate for cortisol
synthesis, thereby decreasing overall cortisol secretion. A recent study in humans
withdiabetesdemonstratedadose-dependenteffectof statinsoncortisol production.30

Several drugs are known to block enzymatic steps such as the partial or complete
inhibition of 11b-hydroxylase by etomidate, ketoconazole, or high-dose fluco-
nazole.16,31 Etomidate inhibits steroidogenesis by blocking mitochondrial cytochrome
P450 enzymes, and this effect may persist as long as 24 hours after a single dose of
etomidate in human critically ill patients.32 A study of canine surgical patients demon-
strated that adrenocortical function was depressed for up to 6 hours after a single
intravenous (IV) bolus injection of etomidate for inducing anesthesia.33 A similar study
demonstrated that response to ACTH stimulation was also depressed 2 hours after
a single IV bolus injection of etomidate in canine surgical patients.34 In addition, a feline
study found profound cortisol suppression up to 5.5 hours after the administration of
a single IV bolus injection of etomidate to induce anesthesia.35 Azole antifungals have
long been associated with adrenal suppression via their ability to inhibit cytochrome
P450-dependent enzymes involved in steroidogenesis. These agents differ in their
inhibitory potency and selectivity for the cytochrome P450 system. Adrenal
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suppression is best documented with ketoconazole, and although in vitro data
suggest that adrenal suppression is unlikely with triazole antifungals (eg, fluconazole
and itraconazole), several human case reports have documented reversible adrenal
suppression in association with these agents.36,37 Dexmedetomidine, a highly selec-
tive and potent alpha-2 agonist, is increasingly being used for perioperative sedation
and analgesia. It is an imidazole compound, and in vitro and in vivo canine studies
have shown that dexmedetomidine inhibits cortisol synthesis.38

P-glycoprotein appears to be an important component of the HPA axis in dogs.39

P-glycoprotein restricts the entry of cortisol into the brain, limiting cortisol’s feedback
inhibition of CRH and ACTH. In ABCB1 (formerly referred to as MDR1) mutant dogs,
P-glycoprotein is not present, allowing greater concentrations of cortisol to be present
within the brain, resulting in greater feedback inhibition of the HPA axis and, ultimately,
inhibition of sufficient cortisol secretion. Plasma basal and ACTH-stimulated cortisol
concentrations are significantly lower in ABCB1 mutant dogs compared with
ABCB1 wild-type dogs, indicating that the HPA axis is suppressed in ABCB1 mutant
dogs compared with ABCB1 wild-type dogs.39 This may lead to an inability to appro-
priately respond to critical illness and stress in dogs that harbor the ABCB1 mutation.
The ABCB1mutation has been identified in herding breed dogs, such as Collies, Shet-
land Sheepdogs, Old English Sheepdogs, and Australian Shepherds. It has also been
found at a higher frequency in sight hounds, such as Long-haired Whippets and Silken
Windhounds, and also in McNabs.40

Reduced Access of Glucocorticoids to the Target Tissues and Cells

CBG is crucial in transporting cortisol to tissues and cells. Reductions in circulating
CBG result in decreased access of cortisol to the sites of inflammation and to immune
cells.16 In human critically ill patients, CBG and albumin concentrations can decrease
by approximately 50% because of catabolism at inflammatory sites and inhibition of
hepatic synthesis via cytokine induction.14 In addition, the presence of elastase is
essential for cortisol cleavage and release from CBG.16 Therefore, drugs that inhibit
elastase (eg, protease inhibitors such as amprenavir, lopinavir, nelfinavir, and ritonavir)
could prevent cortisol release from CBG and subsequent access to the tissue.16 At
present, protease inhibitors are not commonly used as therapeutic agents in veteri-
nary medicine. Tissue concentrations of cortisol are also regulated by enzymatic
conversion of cortisol to its inactive form, cortisone, by 11b-hydroxysteroid dehydro-
genase type 2. Cytokines such as IL-2, IL-4, and IL-13 have been shown to stimulate
11b-hydroxysteroid dehydrogenase type 2 activity, converting cortisol to cortisone.41

This inappropriate response to inflammation could be detrimental to the patient’s
response to illness or stress if cortisol is preferentially being converted to an inactive
form. In addition, there may be a cytokine-mediated response, resulting in a decrease
in the number and activity of the glucocorticoid receptors. Mechanisms may include
inhibition of glucocorticoid receptor translocation from cytoplasm to nucleus and
reduction in glucocorticoid receptor–mediated gene transcription.42 This decrease
would reduce the ability of cells to respond to cortisol. These different mechanisms
responsible for reducing glucocorticoid access to tissues and cells could account
for a decreased activity of glucocorticoids, although serum cortisol concentrations
appear appropriate.16
INCIDENCE OF CIRCI

The incidence of CIRCI in human critically ill patients is variable and depends on the
underlying disease and severity of the illness. The overall incidence of CIRCI in
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high-risk critically ill patients (eg, those with hypotension, shock, and sepsis) approx-
imates 30% to 45%. The incidence increases with severity of illness (sepsis >elective
surgery >ward admits), with most studies of critically ill patients reporting incidences
between 25% and 40%. The incidence also depends on the specific tests and criteria
used to diagnose CIRCI.8,11,43 The ACTH stimulation test is usually used to assess
adrenocortical function, but this is an area of great controversy in the human critical
care arena. At present, there is no consensus for appropriately interpreting the results
of ACTH stimulation testing in seriously ill patients, as accepted reference ranges are
derived from healthy populations. Lack of an appropriately high basal cortisol concen-
tration or a negligible response to ACTH may actually represent CIRCI or an insuffi-
cient response to stress in a critically ill patient.8

At present, little information is available regarding the incidence of CIRCI in critically
ill animals with severe disease or injury. To date, there have only been a few studies
that have investigated pituitary-adrenal function in populations of critically ill dogs
and cats. Earlier studies evaluating pituitary-adrenal function in critically ill dogs44

and in dogs with severe illness attributable to non–adrenal gland disease45 did not
identify any dogs with adrenal insufficiency. Prittie and colleagues44 measured serial
plasma concentrations of basal cortisol and ACTH-stimulated cortisol in 20 critically
ill dogs within 24 hours of admission to an intensive care unit (ICU) and daily until
death, euthanasia, or discharge from the ICU. ACTH stimulation testing was per-
formed by IV administration of 250 mg of cosyntropin/dog. The study population
was heterogeneous and consisted of animals with a variety of acute and chronic
illnesses. Only 40% of the dogs enrolled in this study were acutely ill. The investigators
found that basal and ACTH-stimulated cortisol concentrations were within or above
the reference range in all the blood samples collected, concluding that none of the crit-
ically ill dogs developed adrenal insufficiency during hospitalization in the ICU. Delta
cortisol concentrations (ACTH-stimulated cortisol concentration minus basal cortisol
concentration) were not evaluated in this study. Kaplan and colleagues45 also investi-
gated a general population of severely ill dogs with a wide array of diseases. Most
dogs studied had chronic diseases with the duration of morbidity ranging from 1
week to 1 year (mean, 5.8 � 1.4 weeks). ACTH stimulation testing was performed
by IV administration of 10 mg/kg of cosyntropin. Investigators did not identify any
dogs with basal or ACTH-stimulated cortisol concentrations below the reference
range. In this study, delta cortisol concentrations were not assessed.
In a more recent study, Burkitt and colleagues46 assessed pituitary-adrenal function

in 33 septic dogs admitted to an ICU. Dogs were included in the study if they had
a known or suspected infectious disease and demonstrated signs consistent with
systemic inflammatory response syndrome. Systemic inflammatory response
syndrome was considered present if dogs demonstrated at least 2 of the following
abnormalities at the time of inclusion in the study: rectal temperature more than
103.0�F or less than 100�F, heart ratemore than 120 beats/min, nonpanting respiratory
ratemore than 40 breaths/min or PCO2 (arterial or venous) less than 32mmHg, and total
white blood cell count more than 16,000/mL, less than 6000/mL, or more than 3%
bands. Serum cortisol and plasma endogenous ACTH concentrations were measured
before and serum cortisol concentration was measured 1 hour after intramuscular
administration of 250 mg of cosyntropin/dog. Basal plasma endogenous ACTH and
ACTH-stimulated serum cortisol concentrations below the reference range were
detected, and delta cortisol concentrations of 3 mg/dL (83 nmol/L) or less were associ-
ated with systemic hypotension and a decrease in survival. The mortality rate in dogs
with delta cortisol concentrations of 3 mg/dL (83 nmol/L) or less was 4.1 times higher
than that of dogs with delta cortisol concentrations more than 3 mg/dL (83 nmol/L).
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The study identified CIRCI in 48%of the septic dogs enrolled in the study; however, the
investigators never clearly defined the criteria used to diagnose CIRCI in their study
population. Their definition was likely based on the delta cortisol concentration.
In a multicenter study47 performed to evaluate pituitary-adrenal function in 31

acutely ill dogs with sepsis, severe trauma, or gastric dilatation-volvulus, biochemical
abnormalities of the HPA axis indicating adrenal or pituitary gland insufficiency were
found to be common. Serum cortisol and plasma endogenous ACTH concentrations
were measured before and serum cortisol concentration was measured 1 hour after IV
administration of 5 mg/kg of cosyntropin (up to a maximum of 250 mg/dog). Basal and
ACTH-stimulated serum cortisol concentrations and basal plasma endogenous ACTH
concentrations were assayed for each dog within 24 hours of admission to the ICU.
Delta cortisol concentrations were also assessed for each patient. Overall, 55% of
the critically ill dogs had at least 1 biochemical abnormality suggesting adrenal or pitu-
itary gland insufficiency (ACTH-stimulated cortisol concentration less than
the reference range, no response to ACTH stimulation [delta cortisol concentration �1
nmol/L], and plasma endogenous ACTH concentration less than the reference range).
Only 1 dog had an exaggerated response to ACTH stimulation. Acutely ill dogs with
delta cortisol concentrations of 3 mg/dL (83 nmol/L) or less were 5.7 times more likely
to be receiving vasopressors than dogs with delta cortisol concentrations more than 3
mg/dL (83 nmol/L). In addition, dogs with delta cortisol concentrations of 3 mg/dL (83
nmol/L) or less had a slight, but not significant, increase in mortality. No differences
were detected among dogs with sepsis, severe trauma, or gastric dilatation-
volvulus with respect to mean basal and ACTH-stimulated serum cortisol concentra-
tions, delta cortisol concentrations, and basal plasma endogenous ACTH
concentrations.
Canine studies examining HPA axis function have also been performed in dogs with

neoplasia (lymphoma and several different types of nonhematopoietic tumors),48

babesiosis,49,50 parvovirus,51 and the ABCB1 genetic mutation.39 Boozer and
colleagues48 investigated HPA function in dogs with lymphoma and with nonhemato-
poietic tumors (transitional cell carcinoma, hepatocellular adenoma, hepatocellular
carcinoma, hemangiosarcoma, mammary carcinoma, jejunal adenocarcinoma, anal
sac apocrine gland adenocarcinoma, insulinoma, osteosarcoma, and pheochromocy-
toma). None of the dogs had received any drugs known to affect adrenal function
within 30 days before evaluation. Of the dogs with lymphoma and nonhematopoietic
tumors, 5% and 13%, respectively, had basal cortisol concentrations below the refer-
ence range; 20% of the dogs with lymphoma and 13% of the dogs with nonhemato-
poietic tumors had ACTH-stimulated cortisol concentrations below the reference
range. Endogenous ACTH concentrations were below the reference range in 10%
of the dogs with lymphoma and 7% with nonhematopoietic neoplasia.48 Delta cortisol
concentrations were not assessed as part of the study, and the investigators did not
distinguish between dogs that had absolute adrenal insufficiency or CIRCI in the
tumor-bearing dogs that had HPA axis abnormalities.
Two studies have examined the endocrine response to canine babesiosis. The first

study was designed, in part, to determine the association between the hormones of
the pituitary-adrenal axis and outcome in dogs with naturally occurring Babesia canis
rossi babesiosis.49 In this study, basal cortisol and endogenous ACTH concentrations
were measured; ACTH stimulation testing was not performed. The results indicated
that serum cortisol and endogenous ACTH concentrations were significantly higher
in dogs with babesiosis that died, compared with hospitalized dogs with babesiosis
that survived and dogs with babesiosis that were treated as outpatients. Mortality
was significantly associated with high serum cortisol and high endogenous ACTH
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concentrations in the dogs suffering from babesiosis. In the second study investi-
gating endocrine response to babesiosis,50 basal serum cortisol and plasma endog-
enous ACTH concentrations were measured, ACTH stimulation testing was
performed, and delta cortisol concentrations and cortisol-to-ACTH ratios (which is
thought by some to assess the whole pituitary-adrenal axis) were calculated. Basal
serum cortisol concentrations, but not ACTH-stimulated serum cortisol concentra-
tions, were significantly higher in the dogs with babesiosis compared with the control
dogs. Basal and ACTH-stimulated serum cortisol concentrations were significantly
higher in the dogs that died, compared with hospitalized dogs that survived and
dogs treated as outpatients. Basal plasma endogenous ACTH concentrations were
not significantly different between the 3 babesiosis groups (hospitalized dogs that
died, hospitalized dogs that survived, and dogs treated as outpatients). Dogs with
delta cortisol concentrations less than 83 nmol/L had significantly higher cortisol-
to-ACTH ratios compared with dogs with delta cortisol concentrations more than
83 nmol/L. The investigators concluded that the findings of increased basal and
ACTH-stimulated cortisol concentrations and increased cortisol-to-ACTH ratios
confirmed the absence of CIRCI and demonstrated upregulation of the HPA axis
in this population of dogs with acute canine critical illness.
In a study that examined puppies with parvovirus and endocrine response to

illness,51 daily IV ACTH stimulation tests were performed. Investigators found that on
days 1 and 2, nonsurviving puppieswith parvovirus had significantly lower delta cortisol
concentrations than surviving puppies. However, on day 3, there was no statistical
difference in delta cortisol concentrations between the nonsurvivors and survivors,
mainly because of reduction in basal cortisol concentrations (and therefore increased
delta cortisol concentrations) in the nonsurvivors, illustrating that the test results
obtained on a single day do not necessarily reflect the findings on subsequent days.
The HPA axis has also been evaluated in dogs possessing the ABCB1 genetic

mutation.39 The investigators found that basal cortisol and ACTH-stimulated cortisol
concentrations were significantly lower in ABCB1 mutant dogs compared with
ABCB1 wild-type dogs. Plasma ACTH concentrations after dexamethasone adminis-
tration were significantly lower in ABCB1 mutant dogs compared with ABCB1 wild-
type dogs. The investigators concluded that the HPA axis in ABCB1 mutant dogs
that lack P-glycoprotein is suppressed compared with that in ABCB1 wild-type
dogs. In addition, this may explain some clinical observations in breeds known to
harbor the genetic mutation, including Collies, Shelties, and Australian Shepherds.
There is a clinical impression that many of these dogs have worse outcomes in
response to stress and, at times, respond poorly to appropriate therapy. HPA axis
suppression, secondary to the ABCB1 mutation, could result in a CIRCI-like state
during times of severe stress and illness. However, further studies are required to
determine the exact relationship between the ABCB1 genotype and CIRCI.
Studies investigating the presence of CIRCI in critically ill cats have also been per-

formed. Prittie and colleagues52 have investigated the effects of critical illness on
adrenocortical function in a feline population. Twenty critically ill cats with different
diseases were admitted to an ICU and constituted the study population. Plasma
concentrations of basal cortisol and ACTH-stimulated cortisol were analyzed, and
delta cortisol concentrations were calculated. Initial samples for basal cortisol
concentrations were collected within 24 hours of admission. Samples for ACTH-
stimulated cortisol concentrations were collected 1 hour after IV administration of
125 mg of cosyntropin/cat. ACTH stimulation tests were performed every other day
for each cat until death or discharge from the hospital. Established reference ranges
for 10 healthy cats were used for comparative purposes. The investigators found
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that critically ill cats had higher basal cortisol concentrations than the control group.
ACTH-stimulated cortisol concentrations did not differ significantly between the 2
groups. Basal cortisol, ACTH-stimulated cortisol, and delta cortisol concentrations
did not differ significantly between cats that survived and cats that died, or between
the septic and nonseptic cats. However, critically ill cats with neoplasia had lower
delta cortisol concentrations and were more likely to die than other cats in the study
population. Based on these findings, the investigators postulated that critically ill
cats with neoplasia may develop CIRCI.
Pituitary-adrenal function has been evaluated in cats with lymphoma.53 In this study,

cats with cytologic or histologic confirmation of lymphoma were investigated. None of
the cats were thought to have invasion of their lymphoma to the adrenal glands, and
none had received any drugs known to affect adrenal function within 30 days before
evaluation. However, it should be noted that a limitation of this study was that ultraso-
nography was used to make the determination that there was no invasion of the
lymphoma to the adrenal glands. All study cats had normal adrenal gland size, as
assessed by ultrasonography. No histologic or cytologic analysis was performed to
confirm that the adrenal glands were normal. Samples for basal serum cortisol,
ACTH-stimulated serum cortisol, and plasma endogenous ACTH concentrations
were collected and analyzed. ACTH-stimulated cortisol concentrations were collected
1 hour after IV administration of 125 mg of cosyntropin/cat. Of the 10 cats studied, 9
had a subnormal cortisol response to ACTH stimulation and 5 had elevated plasma
endogenous ACTH concentrations. Based on these findings, the authors concluded
that many of these cats had CIRCI. Basal cortisol concentrations and serum
sodium-to-potassium ratios remained within the normal range in almost all cats,
and none of the cats displayed any signs typical for complete adrenal crisis. The inves-
tigators speculated that the CIRCI present in some cats with untreated lymphomamay
cause the dramatic clinical response to glucocorticoid supplementation before the
induction of chemotherapy.
In a prospective multicenter study,54 cats were enrolled if they had a known or sus-

pected focus of infection combined with 2 or more of the following criteria: tempera-
ture more than 103.5�F or less than 100�F, heart rate less than 225 beats/min or less
than 140 beats/min, respiratory rate more than 40 breaths/min, white blood cell count
more than 19,500/mL, less than 5000/mL, more than 5% bands; or Doppler (systolic)
blood pressure less than 90 mm Hg. Nineteen septic cats were included in the study,
and 19 healthy cats served as controls. ACTH stimulation testing was performed using
125 mg of cosyntropin/cat intramuscularly. Cortisol and aldosterone concentrations
were measured before and 30 minutes after ACTH administration. Delta cortisol and
aldosterone concentrations were also assessed. Delta cortisol concentrations were
significantly lower in septic cats (64 � 69 nmol/L) compared with healthy cats (180
� 129 nmol/L). Basal and post-ACTH median aldosterone concentrations were signif-
icantly higher in the septic cats (1881 and 2180 pmol/L) compared with the healthy
cats (101 and 573 pmol/L), but delta aldosterone concentrations were not significantly
different between the 2 groups. There was no significant difference in either delta
cortisol or delta aldosterone concentration when survivors were compared with
nonsurvivors.
CLINICAL SIGNS

Clinical signs of CIRCI can be vague and nonspecific, such as depression, weakness,
fever, vomiting, diarrhea, and abdominal pain.3,11,55,56 In addition, clinical signs that
are secondary to the underlying disease process responsible for CIRCI (ie, septic
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shock, hepatic disease, trauma, etc) can mask the clinical features of CIRCI.11 The
most common clinical abnormality associated with CIRCI in human critically ill patients
is hypotension refractory to fluid resuscitation, requiring vasopressor therapy.3,8,11

Hyponatremia and hyperkalemia are uncommon in humans with CIRCI and, to date,
have not been reported in canine or feline critically ill patients with insufficient adrenal
or pituitary function.3,46,47,52–54,57–59 Laboratory assessment of human critically ill
patients with CIRCI may demonstrate eosinophilia and/or hypoglycemia, but these
abnormalities are not consistently found in humans with CIRCI.3,11,56 Eosinophilia
and hypoglycemia have not been reported in veterinary critically ill patients with CIRCI.
DIAGNOSIS

CIRCI should be considered as a differential diagnosis in all critically ill patients
requiring vasopressor support. Human patients with CIRCI typically have normal or
elevated basal serum cortisol concentrations and a blunted response to ACTH
stimulation.10,60,61 These findings have also been documented in critically ill dogs
with sepsis/septic shock, trauma, and gastric dilatation-volvulus and in critically ill
cats with sepsis/septic shock, trauma, and neoplasia.46,47,53,62,63 At present, there
is no consensus regarding the identification of patients with CIRCI in human or veter-
inary medicine, and normal reference ranges do not exist for basal and ACTH-
stimulated cortisol concentrations in critically ill dogs and cats.
A variety of tests have been advocated, including random basal cortisol concentra-

tion, ACTH-stimulated cortisol concentration, delta cortisol concentration (the differ-
ence when subtracting basal from ACTH-stimulated cortisol concentration), the
cortisol-to-endogenous ACTH ratio, and combinations of these methods. The optimal
way to identify critically ill veterinary patients with CIRCI has yet to be determined.
Evaluation of adrenal function in veterinary patients typically involves administration
of an ACTH stimulation test. The most commonly used protocol for ACTH stimulation
testing in dogs involves the IV administration of 5 mg cosyntropin/kg up to a maximum
of 250 mg. In cats, IV administration of 125 mg of cosyntropin/cat is commonly used.
Serum or plasma is then obtained for cortisol analysis before and 60 minutes after
ACTH administration for both dogs and cats. The standard doses of cosyntropin
(5 mg/kg in dogs and 125 mg/cat) currently used in ACTH stimulation testing are greater
than that necessary to produce maximal adrenocortical stimulation in healthy small
animals.64,65 Doses as low as 0.5 mg/kg in dogs64 and 5 mg/kg in cats65 have been
shown to induce maximal cortisol secretion by the adrenal glands. The use of higher
doses is considered supraphysiologic and may hinder the identification of dogs and
cats with CIRCI. Low-dose (0.5 mg/kg IV) ACTH stimulation testing has been
compared with standard-dose (5 mg/kg IV) ACTH stimulation testing in a group of crit-
ically ill dogs.66 In this study, every critically ill dog that was identified to have insuffi-
cient adrenal function (ie, ACTH-stimulated serum cortisol concentration below the
reference range or less than 5% greater than the basal cortisol concentration) by
the standard-dose ACTH stimulation test was also identified by the low-dose test.
Additional dogs with adrenal insufficiency were identified by the low-dose ACTH
stimulation test and not by the standard-dose test. ACTH administered at a dose of
0.5 mg/kg IV appears to be at least as accurate in determining adrenal function in crit-
ically ill dogs as the IV administration of ACTH at 5 mg/kg. The low-dose ACTH stim-
ulation test may even be a more sensitive diagnostic test in detecting patients with
insufficient adrenal gland function than the standard-dose test.
Assays that measure cortisol concentration typically measure total hormone

concentration (ie, serum free cortisol concentration plus a protein-bound fraction).
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However, the serum free cortisol fraction is thought to be responsible for the physio-
logic function of the hormone.67–71 Therefore, serum free cortisol concentrations may
be a more precise predictor of adrenal gland function. The relationship between free
and total cortisol varies with serum protein concentration.68,69 In human critically ill
patients, cortisol-binding globulin and albumin concentrations can decrease by
approximately 50% because of catabolism at the inflammatory sites and inhibition
of hepatic synthesis via cytokine induction.69 Therefore, serum total cortisol concen-
tration may be falsely low in hypoproteinemic patients, resulting in overestimation of
CIRCI.68 Serum free cortisol concentration is less likely to be altered in states of hypo-
proteinemia. Consequently, serum total cortisol concentrations may not accurately
represent the biologic activity of serum free cortisol during critical illness. Several
human studies suggest that serum free cortisol concentrations are a more accurate
measure of circulating corticosteroid activity than total cortisol concentrations.67–70

At this time, abundant canine and feline studies are lacking and the ability to measure
serum free cortisol concentration is not widely available. However, serum free and
total cortisol concentrations have been compared in a group of 35 critically ill dogs
having 1 of the following diseases: sepsis, severe trauma, or gastric dilatation-
volvulus.66 Fewer critically ill dogs with adrenal insufficiency (ie, an ACTH-
stimulated serum cortisol concentration below the reference range or less than 5%
greater than the basal cortisol concentration) were identified by serum free cortisol
concentration than by serum total cortisol concentration. However, basal and
ACTH-stimulated serum total cortisol concentrations were not lower in the hypoprotei-
nemic dogs compared with the normoproteinemic dogs. The significance of this is
unknown and warrants further investigation in veterinary patients.
The delta cortisol concentration has been advocated as a method to identify criti-

cally ill patients with CIRCI in both human and veterinary medicine.46,72,73 A study
in human patients with septic shock72 found that basal cortisol concentrations of
34 mg/dL (938 nmol/L) or less combined with delta cortisol concentrations of 9 mg/dL
(250 nmol/L) or more in response to an IV 250 mg/person ACTH stimulation test
were associated with a favorable prognosis. In addition, basal cortisol concentrations
more than 34 mg/dL (938 nmol/L) combined with delta cortisol concentrations less
than 9 mg/dL (250 nmol/L) were associated with a poor prognosis. Because this
protocol was successful in predicting outcome, a delta cortisol concentration less
than 9 mg/dL (250 nmol/L) is frequently used as the diagnostic criteria for CIRCI in
human critically ill patients.
Veterinary studies have also assessed delta cortisol concentration as a criterion for

diagnosing CIRCI in critically ill patients.46,47 One study found that septic dogs with
delta cortisol concentrations of 3 mg/dL (83 nmol/L) or less after an intramuscular
250 mg/dog ACTH stimulation test were more likely to have systemic hypotension
and decreased survival.46 In addition, another study investigating acutely ill dogs (ie,
dogs with sepsis, severe trauma, or gastric volvulus-dilatation) found that dogs with
delta cortisol concentrations of 3 mg/dL (83 nmol/L) or less after an IV 5 mg/kg ACTH
stimulation test were more likely to require vasopressor therapy as part of their treat-
ment plan.47 Sensitivity of delta cortisol concentrations of 3 mg/dL (83 nmol/L) or less
in the diagnosis of veterinary critically ill patients with CIRCI has yet to be determined.
Based on the current veterinary literature, there are 3 scenarios that may indicate

the presence of CIRCI in critically ill dogs (especially in the presence of refractory
hypotension): (1) dogs with a normal or an elevated basal cortisol concentration and
an ACTH-stimulated cortisol concentration less than the normal reference range; (2)
dogs with a normal or an elevated basal cortisol concentration and an ACTH-
stimulated cortisol concentration that is less than 5% greater than the basal cortisol
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concentration (flatline response); and (3) dogs with a delta cortisol concentration of
3 mg/dL (83 nmol/L) or less. Based on a few clinical studies and case reports, CIRCI
appears to occur in cats.52–54,63 However, a consensus regarding the diagnostic
criteria in cats is undetermined at this time.
TREATMENT

Human critically ill patients with CIRCI who are treated with supplemental doses of
corticosteroids are more likely to be quickly weaned from vasopressor therapy and
ventilatory support, and some treated populations of critically ill patients are more
likely to survive than patients with CIRCI who do not receive corticosteroid
supplementation.60,73–76 The optimal dose and duration of treatment with corticoste-
roids in human patients with CIRCI have yet to be determined. The dosages of corti-
costeroids used to treat human patients with CIRCI are referred to as supplemental,
physiologic, supraphysiologic, low dose, stress dose, or replacement.3,8,60,73–75,77

Most human protocols have used dosages of 200 to 300 mg IV every 24 hours of
hydrocortisone for an average person of 70 kg (2.9–4.3 mg/kg IV every 24 hours).
The total daily dose is typically either given as a constant-rate infusion or quartered
and given every 6 hours.3,78,79 Hydrocortisone is one-forth as potent as prednisone
and one-thirtieth as potent as dexamethasone. Therefore, this supplemental cortico-
steroid dosage is 0.7 to 1 mg/kg every 24 hours of prednisone equivalent or 0.1 to
0.4 mg/kg every 24 hours of dexamethasone equivalent. The hydrocortisone dose
currently recommended for CIRCI in human patients is supraphysiologic (the human
physiologic dose of hydrocortisone is 0.2–0.4 mg/kg every 24 hours), resulting in
a serum cortisol concentration several times higher than that achieved by ACTH stim-
ulation. This regimen of therapy was initially based on the maximum secretory rate of
cortisol found in humans after a major surgery.80

At present, there are no consensus guidelines for the treatment of CIRCI in veteri-
nary critically ill patients. However, it is reasonable to start volume-resuscitated vaso-
pressor-dependent animals on corticosteroid therapy after performing an ACTH
stimulation test. When the test results are available, treatment can be withdrawn in
those animals that responded normally to the ACTH stimulation test. Corticosteroids
can be continued in those patients that have (1) a normal or an elevated basal cortisol
concentration and an ACTH-stimulated cortisol concentration less than the normal
reference range, (2) a normal or an elevated basal cortisol concentration and an
ACTH-stimulated cortisol concentration that is less than 5% greater than the basal
cortisol concentration (flatline response), (3) a delta cortisol concentration of 3 mg/dL
(83 nmol/L) or less, or (4) clinically demonstrated a significant improvement in cardio-
vascular status within 24 hours of starting corticosteroid therapy.
The appropriate dosage, duration, and type of corticosteroid therapy are unknown in

veterinary patients with CIRCI. However, it is reasonable to give supplemental doses of
corticosteroids at physiologic to supraphysiologic dosages (1–4.3 mg/kg IV every 24
hours of hydrocortisone [the total daily dose can be divided into 4 equal doses and
given every 6 hours or as a constant-rate infusion], 0.25–1 mg/kg IV every 24 hours
of prednisone equivalent [the total daily dose can be divided into 2 equal doses and
given every 12 hours], or 0.04–0.4 mg/kg IV every 24 hours of dexamethasone equiv-
alent). Because theHPAdysfunction inCIRCI is thought to be transient, lifelong therapy
with corticosteroids is not required and is tapered after resolution of critical illness. The
corticosteroid dose can be tapered by 25%each day. An ACTH stimulation test should
be repeated to confirm the return of normal adrenocortical function following the reso-
lution of critical illness and discontinuation of corticosteroid supplementation.
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Evaluating adrenal function in human and veterinary critically ill patients can be chal-
lenging, and at present, there is no consensus regarding the identification of patients
with CIRCI in human or veterinary medicine. Detection of abnormal responses will
continue to be debated until standard diagnostic methods are developed and vali-
dated. At present, there are no guidelines for the treatment of CIRCI in veterinary crit-
ically ill patients, and the question as to whether supplemental doses of
corticosteroids are beneficial for the treatment of CIRCI in these patients remains
unanswered. Practitioners should rely on both biochemical and clinical assessment
to optimize patient management.
REFERENCES

1. Jarek M, Legare E, McDermott M, et al. Endocrine profiles for outcome prediction
from the intensive care unit. Crit Care Med 1993;21(4):543–50.

2. Elliott E, King L, Zerbe C. Thyroid hormone concentrations in critically ill canine
patients. J Vet Emerg Crit Care 1995;5(1):17–23.

3. Cooper MS, Stewart PM. Corticosteroid insufficiency in acutely ill patients. N Engl
J Med 2003;348(8):727–34.

4. Munck A, Guyre PM, Holbrook NJ. Physiologic functions of glucocorticoids in
stress and their relation to pharmacological actions. Endocr Rev 1984;5(1):25–44.

5. Drucker D, Shandling M. Variable adrenocortical function in acute medical illness.
Crit Care Med 1985;13(6):477–9.

6. Jurney T, Cockrell J, Lindberg J, et al. Spectrum of serum cortisol response to
ACTH in ICU patients. Chest 1987;92(2):292–5.

7. Moran J, Chapman M, O’Fathartaigh M, et al. Hypocortisolemia and adrenocor-
tical responsiveness at onset of septic shock. Intensive Care Med 1994;20(7):
489–95.

8. Beishuizen A, Thijs L. Relative adrenal failure in intensive care: an identifiable
problem requiring treatment? Best Pract Res Clin Endocrinol Metab 2001;15(4):
513–31.

9. Soni A, Pepper GM, Wyrwinski PM, et al. Adrenal insufficiency occurring during
septic shock: incidence, outcome, and relationship to peripheral cytokine levels.
Am J Med 1995;98(3):266–71.

10. Sibbald W, Short A, Cohen M, et al. Variations in adrenocortical responsiveness
during severe bacterial infections. Ann Surg 1977;186(1):29–33.

11. Zaloga GP, Marik P. Hypothalamic-pituitary-adrenal insufficiency. Crit Care Clin
2001;17(1):25–41.

12. Lamberts SWJ, Bruining HA, de Jong FH. Corticosteroid therapy in severe illness.
N Engl J Med 1997;337(18):1285–92.

13. Pemberton PA, Stein PE, Pepys MB, et al. Hormone binding globulins undergo
serpin conformational change in inflammation. Nature 1988;336(6196):257–8.

14. Hammond GL, Smith CL, Paterson NA, et al. A role for corticosteroid-binding
globulin in delivery of cortisol to activated neutrophils. J Clin Endocrinol Metab
1990;71(1):34–9.

15. Franchimont D, Martens H, Hagelstein MT, et al. Tumor necrosis factor alpha
decreases, and interleukin-10 increases, the sensitivity of human monocytes to
dexamethasone: potential regulation of the glucocorticoid receptor. J Clin Endo-
crinol Metab 1999;84(8):2834–9.

16. Prigent H, Maxime V, Annane D. Science review: mechanisms of impaired
adrenal function in sepsis and molecular actions of glucocorticoids. Crit Care
2004;8(4):243–52.



CIRCI in Small Animals 779
17. Sharshar T, Annane D, Lorin de la Grandmaison G, et al. The neuropathology of
septic shock: a prospective case-control study. Brain Pathol 2004;14(1):21–33.

18. Hinshaw LB, Beller BK, Chang ACK, et al. Corticosteroid/antibiotic treatment of
adrenalectomized dogs challenged with lethal E. coli. Circ Shock 1985;16(3):
265–77.

19. Annane D, Bellissant E, Bollaert PE, et al. The hypothalamo-pituitary axis in septic
shock. Br J Intens Care 1996;6:260–8.

20. Oelkers W. Adrenal insufficiency. N Engl J Med 1996;335(16):1206–12.
21. Larsen PJ, Jessop D, Patel H, et al. Substance P inhibits the release of anterior

pituitary adrenocorticotrophin via a central mechanism involving corticotrophin-
releasing factor-containing neurons in the hypothalamic paraventricular nucleus.
J Neuroendocrinol 1993;5(1):99–105.

22. Sharshar T, Gray F, de la Grandmaison GL, et al. Apoptosis of neurons in cardio-
vascular autonomic centres triggered by inducible nitric oxide synthase after
death from septic shock. Lancet 2003;362(9398):1799–805.

23. Gaillard RC, Turnill D, Sappino P, et al. Tumor necrosis factor alpha inhibits the
hormonal response of the pituitary gland to hypothalamic releasing factors. Endo-
crinology 1990;127(1):101–6.

24. Jaattela M, Ilvesmaki V, Voutilainen R, et al. Tumor necrosis factor as a potent
inhibitor of adrenocorticotropin-induced cortisol production and steroidogenic
P450 enzyme gene expression in cultured human fetal adrenal cells. Endocri-
nology 1991;128(1):623–9.

25. Tominaga T, Fukata J, Voutilainen R, et al. Effects of corticostatin-I on rat adrenal
cells in vitro. J Endocrinol 1990;125(2):287–92.

26. Roy-Byrne PP, Cowley DS, Hommer D, et al. Neuroendocrine effects of diazepam
in panic and generalized anxiety disorders. Biol Psychiatry 1991;30(1):73–80.

27. Benyamin R, Trescot AM, Datta S, et al. Opioid complications and side effects.
Pain Physician 2008;11(2):S105–20.

28. Hall GM, Lacoumenta S, Hart GR, et al. Site of action of fentanyl in inhibiting the
pituitary-adrenal response to surgery in man. Br J Anaesth 1990;65(2):251–3.

29. Oltmanns KM, Fehm HL, Peters A. Chronic fentanyl application induces adreno-
cortical insufficiency. J Intern Med 2005;257(5):478–80.

30. Kanat M, Serin E, Tunckale A, et al. A multi-center, open label, crossover de-
signed prospective study evaluating the effects of lipid lowering treatment
on steroid synthesis in patients with type 2 diabetes (MODEST Study).
J Endocrinol Invest 2009;32(10):852–6.

31. Thomas Z, Bandali F, McCowen K, et al. Drug-induced endocrine disorders in the
intensive care unit. Crit Care Med 2010;38(6):S219–30.

32. Absalom A, Pledger D, Kong A. Adrenocortical function in critically ill patients
24 h after a single dose of etomidate. Anaesthesia 1999;54(9):861–7.

33. Dodam JR, Kruse-Elloitt KT, Aucoin DP, et al. Duration of etomidate-induced
adrenocortical suppression during surgery in dogs. Am J Vet Res 1990;51(5):
786–8.

34. Kruse-Elliott KT, Swanson CR, Aucoin DP. Effects of etomidate on adrenocortical
function in canine surgical patients. Am J Vet Res 1987;48(7):1098–100.

35. Moon PF. Cortisol suppression in cats after induction of anesthesia with etomi-
date, compared with ketamine-diazepam combination. Am J Vet Res 1997;
58(8):868–71.

36. Lionakis MS, Samonis G, Kontoyiannis DP. Endocrine and metabolic manifesta-
tions of invasive fungal infections and systemic antifungal treatment. Mayo Clin
Proc 2008;83(9):1046–60.



Martin780
37. Albert SG, DeLeon MJ, Silverberg AB. Possible association between high-dose
fluconazole and adrenal insufficiency in critically ill patients. Crit Care Med
2001;29(3):668–70.

38. Maze M, Virtanen R, Daunt D, et al. Effects of dexmedetomidine, a novel imid-
azole sedative-anesthetic agent, on adrenal steroidgenesis: in vivo and in vitro
studies. Anesth Analg 1991;73(2):204–8.

39. Mealey KL, Gay JM, Martin LG, et al. Comparison of the hypothalamic-pituitary-
adrenal axis in MDR1-1D and MDR1 wildtype dogs. J Vet Emerg Crit Care 2007;
17(1):61–6.

40. Mealey KL, Meurs KM. Breed distribution of the ABCB1-1D (multidrug sensitivity)
polymorphism among dogs undergoing ABCB1 genotyping. J Am Vet Med
Assoc 2008;233(6):921–4.

41. Rook G, Baker R, Walker B, et al. Local regulation of glucocorticoid activity in
sites of inflammation. Insights from the study of tuberculosis. Ann N Y Acad Sci
2000;917(1):913–22.

42. Pariante CM, Pearce BD, Pisell TL, et al. The proinflammatory cytokine,
interleukin-1alpha, reduces glucocorticoid receptor translocation and function.
Endocrinology 1999;140(9):4359–66.

43. Marik PE, Zaloga GP. Adrenal insufficiency during septic shock. Crit Care Med
2003;31(1):141–5.

44. Prittie JE, Barton LJ, Peterson ME, et al. Pituitary ACTH and adrenocortical secre-
tion in critically ill dogs. J Am Vet Med Assoc 2002;220(5):615–9.

45. Kaplan AJ, Peterson ME, Kemppainen RJ. Effects of disease on the results of
diagnostic tests for use in detecting hyperadrenocorticism in dogs. J Am Vet
Med Assoc 1995;207(4):445–51.

46. Burkitt JM, Haskins SC, Nelson RW, et al. Relative adrenal insufficiency in dogs
with sepsis. J Vet Intern Med 2007;21(2):226–31.

47. Martin LG, Groman RP, Fletcher DJ, et al. Pituitary-adrenal function in dogs with
acute critical illness. J Am Vet Med Assoc 2008;233(1):87–95.

48. Boozer AL, Behrend EN, Kemppainen RJ, et al. Pituitary-adrenal axis function in
dogs with neoplasia. Vet Comp Oncol 2005;3(4):194–202.

49. Schoeman JP, Ree P, Herrtage ME. Endocrine predictors of mortality in canine
babesiosis caused by Babesia canis rossi. Vet Parasitol 2007;148(2):75–82.

50. Schoeman JP, Herrtage ME. Adrenal response to the low dose ACTH stimulation
test and the cortisol-to-adrenocorticotrophic hormone ratio in canine babesiosis.
Vet Parasitol 2008;154(3):205–13.

51. Schoeman JP. Endocrine changes during the progression of critical illness. In:
Proceedings of the 27th American College of Veterinary Internal Medicine Forum
and Canadian Veterinary Medical Association Convention. Montreal (Canada);
2009. p. 405–7.

52. Prittie JE, Barton LJ, Peterson ME, et al. Hypothalmo-pituitary-adrenal (HPA)
axis function in critically ill cats [abstract 17]. In: Proceedings of the 9th Interna-
tional Veterinary Emergency and Critical Care Symposium. New Orleans (LA);
2003. p. 771.

53. Farrelly J, Hohenhaus AE, Peterson ME, et al. Evaluation of pituitary-adrenal func-
tion in cats with lymphoma. In: Proceedings of the 19th Annual Veterinary Cancer
Society Conference. Wood’s Hole (MA); 1999. p. 33 [abstract: 33].

54. Costello MF, Fletcher DJ, Silverstein DC, et al. Adrenal insufficiency in feline
sepsis [abstract 6]. In: Proceedings of the American College of Veterinary Emer-
gency and Critical Care Postgraduate Course 2006: Sepsis in Veterinary Medi-
cine. San Francisco (CA); 2006. p. 41.



CIRCI in Small Animals 781
55. Sakharova OV, Inzucchi SE. Endocrine assessment during critical illness. Crit
Care Clin 2007;23(3):467–90.

56. Maxime V, Lesur O, Annane D. Adrenal insufficiency in septic shock. Clin Chest
Med 2009;30(1):17–27.

57. Ho HC, Chapital AD, Yu M. Hypothyroidism and adrenal insufficiency in sepsis
and hemorrhagic shock. Arch Surg 2004;139(11):1199–203.

58. Beishuizen A, Vermes I, Hylkema BS, et al. Relative eosinophilia and functional
adrenal insufficiency in critically ill patients. Lancet 1999;353(9165):1675–6.

59. Connery LE, Coursin DB. Assessment and therapy of selected endocrine disor-
ders. Anesthesiol Clin North Am 2004;22(1):93–123.

60. Bollaert PE, Charpentier C, Levy B, et al. Reversal of late septic shock with supra-
physiologic doses of hydrocortisone. Crit Care Med 1998;26(4):645–50.

61. Rivers EP, Gaspari M, Saad GA, et al. Adrenal insufficiency in high-risk surgical
ICU patients. Chest 2001;119(3):889–96.

62. Peyton JL, Burkitt JM. Critical illness-related corticosteroid insufficiency in a dog
with septic shock. J Vet Emerg Crit Care 2009;19(3):262–8.

63. Durkan S, de Laforcade A, Rozanski E, et al. Suspected relative adrenal insuffi-
ciency in a critically ill cat. J Vet Emerg Crit Care 2007;17(2):197–201.

64. Martin LG, Behrend EB, Mealey KL, et al. Effect of low doses of cosyntropin on
serum cortisol concentrations in clinically normal dogs. Am J Vet Res 2007;
68(5):555–60.

65. Martin LG, DeClue AE, Behrend EN, et al. Effect of low doses of cosyntropin
on cortisol concentrations in clinically healthy cats. J Vet Intern Med 2009;
23(3):755.

66. Martin LG, Behrend EN, Holowaychuk MK, et al. Comparison of low-dose and
standard-dose ACTH stimulation tests in critically ill dogs by assessment of
serum total and free cortisol concentrations. J Vet Intern Med 2010;24(3):685–6.

67. Coolens J, Baelen HV, Heyns W. Clinical use of unbound plasma cortisol as
calculated from total cortisol and corticosteroid binding globulin. J Steroid Bio-
chem 1987;26(2):197–202.

68. Hamranian AH, Oseni TS, Arafah BM. Measurements of serum free cortisol in crit-
ically ill patients. N Engl J Med 2004;350(16):1629–38.

69. Torpy DJ, Ho JT. Value of free cortisol measurement in systemic infection. Horm
Metab Res 2007;39(6):439–44.

70. Poomthavorn P, Lertbunrian R, Preutthipan A, et al. Serum free cortisol index, free
cortisol, and total cortisol in critically ill children. Intensive Care Med 2009;35(7):
1281–5.

71. Kemppainen RJ, Peterson ME, Sartin JL. Plasma free cortisol concentrations in
dogs with hyperadrenocorticism. Am J Vet Res 1991;52(5):682–6.

72. Annane D, Sebille V, Troche G, et al. A 3-level prognostic classification in septic
shock based on cortisol levels and cortisol response to corticotropin. JAMA 2000;
283(8):1038–45.

73. Annane D, Sebille V, Charpentier C, et al. Effect of treatment with low doses of
hydrocortisone and fludrocortisone on mortality in patients with septic shock.
JAMA 2002;288(7):862–71.

74. Briegel J, Forst H, Haller M, et al. Stress doses of hydrocortisone reverse hyper-
dynamic septic shock: a prospective, randomized, double-blind, single-center
study. Crit Care Med 1999;27(4):723–32.

75. Oppert M, Schindler R, Husung C, et al. Low-dose hydrocortisone improves
shock reversal and reduces cytokine levels in early hyperdynamic septic shock.
Crit Care Med 2005;33(11):2457–64.



Martin782
76. Meduri GU, Marik PE, Chrousos GP, et al. Steroid treatment in ARDS: a critical
appraisal of the ARDS network trial and the recent literature. Intensive Care
Med 2008;34(1):61–9.

77. Yildiz O, Doganay M, Aygen B, et al. Physiologic-dose steroid therapy in sepsis.
Crit Care 2002;6(3):251–9.

78. Prigent H, Maxime V, Annane D. Clinical review: corticotherapy in sepsis. Crit
Care 2004;8(2):122–9.

79. Marik PE. Critical illness-related corticosteroid insufficiency. Chest 2009;135(1):
181–93.

80. Prittie JE. Adrenal insufficiency in critical illness. In: Bonagura JB, Twedt DC,
editors. Kirk’s current veterinary therapy XIV. 1st edition. St Louis (MO): Saunders
Elsevier; 2009. p. 228–30.


	 Critical Illness–Related Corticosteroid Insufficiency in Small Animals
	 Normal regulation of the HPA axis during illness
	 Abnormal response of the HPA axis during illness
	 Decreased Glucocorticoid Synthesis
	 Reduced Access of Glucocorticoids to the Target Tissues and Cells

	 Incidence of CIRCI
	 Clinical signs
	 Diagnosis
	 Treatment
	 References


