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Ohjective: To provide a narrative review of the latest concepts and

understanding of the pathophysiology of _

Participants: A multi-specialty task force of international experts
in critical care medicine and endocrinology and members of the
Society of Critical Care Medicine and the European Society of
Intensive Care Medicine.

Data Sources: Medline, Database of Abstracts of Reviews of
Effects (DARE), Cochrane Central Register of Controlled Trials
(CENTRAL) and the Cochrane Database of Systematic Reviews.
Results: Three major pathophysiologic events were considered
to constitute -: dysregulation of the hypothalamic—pituitary—
adrenal (HPA) axis, altered cortisol metabolism, and tissue resis-
tance to glucocorticoids. The dysregulation of the HPA axis is
complex, involving multidirectional crosstalk between the CRH/
ACTH pathways, autonomic nervous system, vasopressinergic
system, and immune system. Recent Stlidies have demonstrated
that plasma Gléarance of Bortisel is markedly fédliced during criti-
cal illness, explained by suppressed expression and activity of
the primary cortisol-metabolizing enzymes in the liver and kidney.
Despite the Blévated Gortisol levels during critical illness, fissue
fesistance to gilicocorticoids is believed to occur due to

Conclusions: Novel insights into the pathophysiology of CIRCI
add to the [iitations of the Eliftent Hiagnostic tools to identify at-

risk patients and may also impact how corticosteroids are used in
patients with CIRCI. (Crit Care Med 2017; XX:00-00)

Key Words: Corticosteroid insufficiency; critical illness; sepsis;
glucocorticoids; glucocorticoid receptor

INTRODUCTION

In 2008 an international multidisciplinary task force convened
by the Society of Critical Care Medicine (SCCM) coined the
term
to describe iffipaitment of the hypothalamic—pituitary—adre-
nal (FIPA) &Xi§ during EFifical illfiess (1). CIRCI was @éfined
as nadequate Cellular COFFicosteroid ACHiVity for the severity of
the patient’s critical illness, manifested by ifiStfficient ZIHeo-
€oFticoid—glucocorticoid receptor-fiediated doWn regulation
of prosinflammatory franscription factors. CIRCI is thought

to occur in several acute conditions including sepsis and septic
shock, severe community-acquired pneumonia, acute respi-

ratory distress syndrome (ARDS), Gardiac afrest, head imjury,
trauma, burns, and POSt-fajor SUFgery. This narrative review,

performed by a multi-specialty task force of international
experts and members of the SCCM and the European Society

2 www.ccmjournal.org

of Intensive Care Medicine (ESICM), focuses on the latest con-
cepts and understanding of the pathophysiology of CIRCI dur-
ing critical illness.

Hypotalamic Pituitary Adrénal AXiS and the
Physiological Response to
Systemiic imflammation—a central component of the ffifiate
ifmune SySte—is a highly organized FESponse to [fections
and fiBH-infectious threats to homeostasis that consists of at
least FHFEE major dAOMaing (1): the SFess SYStem mediated by
the FIPA &% and the locus ceruleus-fiotepinephrine sympa-
fREEE nervous system (2), the @ctite-phasé féaction (3), and
the FaFget (Vital Organs) fisste defense response (2, 3). Whereas
appropriatelyregulated imflammation—tailored to stimulus and
time (4)-is Deneficial, EXCessive or Persistent systemic inflam-
mation incites fi$ste @ESEElction and disease progression (5).
Overwhelming systemic inflammation that characterizes
critical illness is Patlyidriven by an ifibalance between-
Activated inflammatory pathways such as the classical nuclear
factor-kappa B (NE-KB) signaling system (6) and the [&SS/a¢tid
vated or dysregulated FIPA-GXiS response (7). The
( )
complex plays a fllfidamentalifole in the faintenance of both
Festifig and SEESS-related HOMEOSasis and influences the phys-

iologic adaptive reaction of the organism against stressors (2).
The activated exerts its activity at the 08
plasmicievel and on nuclear deoxyribonucleic acid (ADNA)
and Mitochondtial DNA (mtDNA) (8) affecting thousands of
genes involved in response to stress and non-stress states (9).
Individaalgeneticvariants of the glucocorticoid receptor may
also affect both the basic cellular phenotypes, i.e., GR expres-
sion levels and the overall HPA axis stress response through
either an altered GC response or sensitivity (10).

Cortisol Synthesis

The adrenal glands produce ElCOCOTtIcOIds (cortisol),

Mineralocorticoids (aldosterone), and adrenal ZRdfogens
(dehydroepiandrosterone, DHEA) using EHOIESEETOl as a

substrate, and upon stimulation by adrenocorticotropic
hormone (BETH), also known as Eofticotropin (Figure 1).
ACTH is a short half-life, fast-acting 39-amino acid pep-
tide produced from the cleavage of a large precursor, pro-
opiomelanocortin. ACTH stimulatory activity is regulated
by corticotropin releasing hormone (CRH) and to a lesser
extent by arginine vasopressin (AVB), both acting Syi¥
- Steroidogenic cholesterol is stored in lipid
droplets as cholesteryl esters. Adrenal mitochondria play
a critical role in adrenocortical cell steroidogenesis, -
verting intracellular Cholesterol'to COrtisol, The final steps
in glucocorticoid biosynthesis are catalyzed by two closely
related mitochondrial P450-type enzymes: CYP11B1 and
CYP11B2 (11). Cortisol is the major endogenous gluco-
corticoid secreted by the human adrenal cortex. Cortisol
is released in a circadian rhythm: E8F€i80l production is

at its PeaK in the E@fl§ hours of the fOTNINg and then
secretion gradually AECIifles BVef the course of the day.
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Figure 1. GIlicocorticoid SYRthesis at fest and during Sifess. At fest, glucocort|c0|ds (e.g., cortisol) are produced from the zona fasciculata of the adrenal
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During , the synthesis of is additionall
terminal nerve endings of
and pathogen-associated molecular patterns
and

cells that possess

addition, paracrine routes allow the medulla to also stimulate glucocorticoid synthesis independently of ACTH.

Cortisol itself exerts inhibitory control on the pituitary
and hypothalamus to regulate its release. The estimated
daily production rate of cortisol is 27-37.5 pmol/day
(B=70mg/mP/day) (12). There is limited adrenal storage
of cortisol. Under the SEf€8§ of critical illness, the regula-
tion of cortisol production becomes much more COMpIEX

involving TUITIdiTectional oSStk between the CRH/
BACTH pathways, @lifonomic nervous system, Fasopressin -
ergic system, and [fimune system (Figure 1). Acute Stfess
induces rapid release of ACTH via CRH and AVP and [68§
of the Eifcadian fhythim of EOrtisol SECTetion. In critically
ill patients, increased cortisol levels do not appear to be
due to increased adrenocortical sensitivity to ACTH (13).
The dissociation of cortisol from ACTH could be due to
direct production of cortisol from the adrenal glands or

to Fediiced Metabolisim of EOTEiS6l and thus an [ificreased
systemic half-life. Cortisol production rates in critically
il patients were recently shown to be Eithef Ghaltered or
only SIightly ifEreased compared with matched control

subjects tested in an ICU environment (14, 15).
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opic hormone (ACTH) released in the blood from the ante
&) synthesized in the hypothalamus,

allowing them to sense the threat and

rior iltmtaw gland. B8t corticotropin-releasing

to the and release of by pituitary cells.
roduced in the locus ceruleus. At the level of

for damage-associated molecular patterns
. These

(ANS) have

Cortisol Transport and Metabolism

In plasma, a large proportion (80%=90%) of circulating corti-
sol is BOWAA with high affinity to corticosteroid-binding ZloB-
@il (€BG), with smaller (10%—15%) proportions bound with
low affinity to albumin or present in the ‘free’ unbound form.
The binding capacity of CBG is typically saturated at cortisol
concentrations of 2225 pg/dL. When cortisol levels are higher
than 25 pg/dL, there is an increased proportion of albumin-
bound and free cortisol, whereas the amount of CBG-bound

cortisol remains the same. BIBUMIN and CBG are fegative
aciife phase Feactants and fapidly dEGiease in critical illness
in propottion to the SeVerity of fllfiess (16). In septic patients,

reduction in CBG levels correlates with plasma interleukin-6
(IL-6) levels (17).

Cottisal is metabolized primarily in the li¥ef and the Kid-
BEYS. In the liver, the most important enzymes catalyzing the
initial steps in cortisol metabolism are the 5 o/f-reductases,
whereas in the kidney, cortisol is broken down to the inac-
tive metabolite cortisone by the 11(3-hydroxysteroid dehy-
drogenase (113-HSD) type 2 enzyme (14). Some cortisol can
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be regenerated from cortisone in extra-adrenal tissues (liver,
adipose tissue, skeletal muscles) through the activity of the
113-HSD1 enzyme. The adverse metabolic complications
associated with corticosteroid excess involve the key metabolic
tissues (liver, adipose tissue, and skeletal muscle) which have
comparatively high 113-HSD1 activity.

In §f€88€d conditions, the [ficrease in EOFtisol level can
lead to an f[fiéfease in the ffé€ fraction in the circulation.
Additionally, plasma CBG levels can decrease through
reduced liver synthesis and increased peripheral cleavage by

activated neutrophil elastases.
During §fress

the HAGEABOISH of cortisol can also undergo Significant

ERANEES. The expression and activity of 5-reductases within
the liver and probably other tissues is decreased in response
to inflammation (14). Renal 113-HSD2 is also decreased
in response to inflammation, while the expression of 11(3-
HSD1 is increased in some tissues (18). Up regulation of
113-HSD1 activity is modulated by inflammatory cytokines
(tumor necrosis factor-alpha [TNF-a], IL-1f3). These effects

would be expected to [fictease thelcortisolactionlat the level
of Specific fiSSHes and also [ficrease the RHalf-Iifé of circulat-

ing cortisol (18, 19).

Cellular Cortisol Signaling
Cortisol is a lipophilic hormone that enters cells passively
and binds to specific cytoplasmic receptors, or to membrane

sites. There are two types of gliicocorticoid receptors (GR).
The FPENIIFEEEPEOE is more commonly referred to as the

mineralocorticoid Feceptor (MR) and the [yPE2TECEptox as
the Elassical GR. Both the GR and the MR can bind aldoste-

rone and cortisol. In many tissues the ability of the MR to
bind cortisol is reduced by the expression of the 113-HSD2
enzyme and the conversion to inactive cortisone. The MR has
a higher affinity for cortisol and aldosterone than the GR and
is thought to be important for signaling at low corticoste-
roid concentrations. Although the MR is involved in some
inflammatory responses, the classic GR is thought to be more
important in mediating the glucocorticoid responses to stress
and inflammation. Several transcriptional and translational
isoforms of the GR exist, which appear to vary in their tis-
sue distribution and gene-specific effects. Our current under-
standing of the GR's mechanism of action is mainly obtained
from research on the almost ubiquitous and most abundant
full-length GRa isoform (20).

In the absence of glucocorticoids, the GR is primarily pres-
ent in the cytoplasm as part of a multiprotein complex with
chaperone proteins, heat shock proteins, and immunophilins
(FKBP51 and FKBP52). Upon binding of glucocorticoid, the
GR undergoes a conformational change, dissociates from the
chaperone proteins, and enters the nucleus and mitochon-
dria, where it binds to positive (transactivation) or negative
(cis-repression) specific DNA regions termed glucocorticoid
responsive elements (GRE) to regulate transcription and
translation of target genes in a cell- and gene-specific manner

(21, 22) (Figure 2). The GliCOCORiCoid Feceptor can fhibit

4 www.ccmjournal.org

the EXpression of protinflammatory genes independently of
DNA binding by physically interacting (via tethering) with
the transcription factor p65, a subunit of nuclear factor kB, an
effect referred to as transrepression. This interaction inhibits
p65—p50 heterodimer translocation into and action at the
nucleus (21). Alternatively, in transactivation, GR binding to
GRE in the promoter regions of target genes is followed by
recruitment of other proteins such as co-activators, resulting
in increased pro-inflammatory gene transcription.
Glucocorticoids can induce some anti-inflammatory
effects through non-genomic effects (Figure 2). Specifically,
membrane-bound GR can activate kinase pathways within
minutes. The activation of the mitogen-activated protein
kinase (MAPK) pathway results in the inhibition of cytosolic
phospholipase A2a, whereas activated phosphatidylinositol
3-kinase leads to the induction of endothelial nitric oxide
synthetase (eNOS) and the subsequent production of nitric

oxide (21).
(23). In experimental lipopolysaccharide (LPS)

models, tissue-specific deletion of the endothelial GR results
in prolonged activation of NF-kB with increased expression
of eNOS and inducible nitric oxide synthase (iNOS), TNF-a,
and IL-6 (23). Importantly, the presence of endothelial GR is
required for dexamethasone to rescue the animals from lipo-
polysaccharide (LPS)-induced morbidity and mortality (24).
Glucocorticoids may also impair T-cell receptor signaling
through non-genomic inhibition of FYN oncogene-related
kinase and lymphocyte-specific protein tyrosine kinase by the
glucocorticoid receptor (21).

In addition to the wild-type glucocorticoid receptor
GRa, two splice variants involving the hormone-binding
domain exist, namely GRf3 and GR-P (also known as GR9)
(25, 26). GRp differs from the GRa at the C terminus,
resulting in a lack of binding to GCs, constitutive local-
ization in the nucleus, and an inability to transactivate a
GC-responsive reporter gene. However, it acts as a domi-
nant-negative inhibitor of GRa genomic transactivation
and transrepression when co-expressed with GRa; imbal-
ance between GR-a and GR-[3 expression is associated with
GC insensitivity (26). Cell-specific glucocorticoid respon-
siveness also involves differential expression of co-receptor
proteins functioning as co-activators and co-repressors of
transcription. Also, differences in chromatin structure and
DNA methylation status of GR-target genes determine cell
specific cortisol effects (27). Besides classical genomic and
rapid GC-induced non-genomic ligand-dependent steroid
receptor actions and crosstalk, there is increasing evidence
that the unliganded GR can modulate cell signaling in the
absence of glucocorticoids, adding another level of com-
plexity (20).

In sepsis, glucocorticoids may decrease HLA-DR expres-
sion on circulating monocytes at a transcriptional level via
a decrease in the class II transactivator A transcription (28).

Another study found that
uch as soluble TNF
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Figure 2. Glucocorticoids (e.g.,

Glucocorticoid synthesis and signalling.
type enzymes, CYP11B1 and CYPB11B2, and may exert
vt licenieed fBGEBIGR @R, cissic GR and MR

and

) are Syhthesized from ERoIEsteral in the mitochondria by two P450-

-genomic effects. Glucocorticoids diffuse through cell membranes and bind

. Glucocorticoid receptors reside in the cytoplasm in a multiprotein

complex with chaperone proteins, heat shock proteins, and immunophilins. The classic GR (specifically GR-a) is the major receptor involved in

mediating the glucocorticoid responses to stress and inflammation. Upon binding of cortisol, the GR undergoes a conformational change that allows it
to dissociate from the chaperone proteins and translocate into the nucleus and the mitochondria, where it binds to glucocorticoid response elements
(GRE) to activate (transactivation) or repress (cis-repression) pro-inflammatory gene expression of various transcription factors (TFs) such as nuclear

factor-kappa B (NF-KB) and activator protein-1 (AP-1).

receptors I and II and IL-10, and has only limited effects on
HLA-DR expression by circulating monocytes (29).

Dysfunction of the HPA Axis During Critical lliness

Many of the responses normally considered adaptive may be
inadequate or counterproductive during severe stress states.
Depending on the population of patients studied and the
diagnostic criteria,

patients to @S/RigHAs160% in patients w1th - SHOEK (1).

Evidence from the sepsis (30—34), ARDS (7, 35, 36), and
trauma (37, 38) literature suggests that
(e.g., TNF, IL-1f, IL-6) on ICU
admission and during ICU stay Eoftelates with JiSease Severity
and hospital fOFtality, and that Pefsistent elévation of cyto-
kines at hospital discharge is associated with @dVerse 16fg-ferm
OUECOmES (39).

Critical Care Medicine

Cytokine-Induced Activation of the HPA Axis

Inflammatory Eytokines including TNF, IL-1 and IL-6 have
been shown to Acfivate the FIPA X8, especially during sep-

sis. However, these cytokines do not exert an equivalent
effect on CRH release. IL-1 injection is associated with a
strong and sustained activation of the HPA axis, while
IL-6 and TNF induce weak and transient hypothalamic
responses, and IL-2 and interferon-alpha have no effect

(40). The FOUTE of EYEOKIAE administration (ffffavenons or
intraperitoneal) also MMfIUEACES their stimulatory Effécts on
the hypothalamus (41).

It is also likely that EytoKines can exert a ditect, ACTH-
independent cffect on adrenal Eortisol SYnEhesis (42). The

presence of TNF and of its receptors within the adrenal glands
suggests that this cytokine plays a role in adrenal function, even
though experiments found variably stimulatory (43, 44) or
inhibitory (45, 46) effects of TNF on steroidogenesis. Likewise,
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IL-1 and its receptor are also produced in the adrenal glands
and contribute to steroidogenesis at least partly by regulat-
ing prostaglandin pathways (47).
mainly TLR2 and TLR4, are expressed in the adrenal glands
and play a Crifical 6l€ in the [ocal immine=endockine crosstalk
in LPS-challenged rodents (48, 49). Further experiments using
genetically manipulated mice suggest that immune cells and
not steroid-producing cells are key regulators of the immune-
endocrine local interaction (49).

Impairment of Adrenal Cortisol Synthesis

Damage to Neuroendocrine Cells. Sepsis is infrequently asso-
ciated with necrosis or hemorrhage of components of the HPA
axis. As a result of the limited venous drainage of the adre-
nal glands, sepsis-associated massive increase in arterial blood
flow to these glands results in enlarged glands (50). Adrenal
necrosis and hemorrhage as a consequence of sepsis has been
known for more than a century (51). Predisposing factors of
the so-called Waterhouse-Friderichsen syndrome include renal
failure, shock, disseminated intravascular coagulation, and
treatment with anticoagulants or tyrosine kinase inhibitors.
Ischemic lesions and hemorrhage have also been described
within the hypothalamus or pituitary gland at postmortem
examination in septic shock (52).

Altered CRH/ACTH Synthesis. Hypothalamic/pituitary
gland stimulation by cytokines, particularly IL-1, induces a
biphasic response with initial proportional increase followed
by progressive decline in anterior pituitary ACTH concentra-
tions (53, 54). In animal models (55) and in humans (56), sepsis
is associated with marked overexpression of iNOS in hypotha-
lamic nuclei that is partly triggered by TNF and IL-1. Subse-
quent abundant release of NO may cause apoptosis of neurons
and glial cells in the neighborhood. Sepsis is also associated
with decreased ACTH synthesis, though its secretagogues CRH
and vasopressin remained unaltered (57). Thus, the suppres-
sion in ACTH synthesis following sepsis may be mediated by
NO (58). In addition, feedback inhibition exerted by elevated
circulating free cortisol, driven by ACTH-independent mecha-
nisms and suppressed cortisol breakdown, can suppress ACTH
(14, 15, 59).

ACTH SyAfRESES can also be ifilibiteéd by several thera-
peutic agents such as gliCocorticoids, Opioid analgesics, azole
antifungals (e.g., Kefoconazole) or psychoactive drugs (60). In
animals, depending on the dose, timing and duration, opioids
have been shown to variably stimulate or inhibit the CRH/
ACTH axis, whereas in humans they predominantly inhibit it

(61). Both EAOZENONS and EXOgENOUS SIICOCOTHCOIdS exert
fegative feédback control on the HPA axis by SUPpressing
hypothalamic CRH production and piftiiaryl ACTH sccre-

tion. This suppression can render the adrenal glands unable
to generate sufficient cortisol after glucocorticoid treatment
is stopped.

1,21). In §on-ICU patients, even‘afterafewdays
of glucocorticoid treatment, removal without tapering leads to
adrenal SUPPTession (measured with corticotropin test) [45%

6 www.ccmjournal.org

of patients with gfaduial ¥ecovery overa period of 14'days (62).
Ample experimental and clinical evidence (29-36) shows that
prematiire discontintation]of GIHCOCOticoids in patients with
severe §Epsis or ARDS frequently (259%6=40%) leads to febound
systemic iflammation and Elinical felapse (hemodynamic
deterioration, recrudescence of ARDS, or worsening multiple
Ofgan dysfanction). Experimental animal sepsis models have

demonstrated an early marked increase in ACTH levels that
returns to baseline values at around 72 hours (63). Compared

with healthy volunteers, clinical studies have found -

(14, 64, 65).

(14, 15). In $epti€ patients, feduiction
in inflammatory EytOKine levels correlates with ificreases in
BCTH levels By ICU @ajZito day 10 (21). Altered ACTH syn-
thesis in response to metyrapone was observed in roughly half
of patients with septic shock and very occasionally in critically
ill patients without sepsis (64). The reduced ACTH secretion
could also be secondary to changes in the feedback regulation
of the HPA axis, as described below. Proloniged feduction of
ACTH signaling within adrenocortical cells may result in 2dfe-
nal atrophy (59).

Alteted Adrenal Steroidogenesis. The adienal Storage of
cortisol is ¥eéfy lifflited. Thus, an adequate adrenal response to

stress Felies almost entirely on COrtiSOISYRhEsis. The HPA axis

response to sepsis has not been well defined. There is some
evidence that EOFfis0] Production rate is somewhat fficreased
in Efifically ill patients with systemic inflammatory response
syndrome (14). As noted earlier, dB0UEHAlf of patients with
Sepiic ShOck have decreased COREiSOl synthesis as Assessed by
response to the fetyrapone test (64). Following administra-
tion of metyrapone, 60% of patients with septic shock had
11-deoxycortisol concentrations of less than 7 pg/dL, sug-
gesting decreased corticosteroid synthesis by adrenocortical
cells. The alteration may occur at various steps in the cortisol
synthesis chain. Histological examination of the adrenal cor-
tex of both animals and humans with sepsis found marked
depletion in lipid droplets, suggesting deficiency in esteri-
fied cholesterol storage (66). This sepsis-induced loss in lipid
droplets is likely mediated by annexin Al and formyl peptide
receptors (67). During critical illness, both increased plasma
ACTH concentrations and depletion in adrenal cholesterol
stores upregulate adrenal scavenger receptor class B type 1
(SR-B1), an HDL receptor, which captures esterified choles-
terol from blood (68). SR-Bl-mediated cholesterol uptake
is considered as an essential protective mechanism against
endotoxin (69). In one study, sepsis induced-deficiency in
SR-B1 expression by the adrenal cortex was associated with
increased mortality (70).

A number of environmental factors may also have substantial
inhibitory effects on adrenal steroidogenesis. Steroidogenesis
may be inhibited at various enzymatic steps by drugs, includ-
ing P-450 aromatase, hydroxysteroid-dehydrogenase, or mito-
chondrial cytochrome P-450-dependent enzymes (60). In
critically ill patients undergoing rapid sequence intubation, the

use of EfOMIdate, a drug known to fliibif the last Enzymatic
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(OR 19.98;95% CI 3.95 to 101.11)

and a2IRGHTS (OR 2.37; 95% CI 1.61 to 3.47) post-dosing
(71). This effect was associated with {Worsening in Ofgan dys-
FEREEoH but the Glfiate efféct on Mortality remains GHclear.
Analgesia and sedation may also affect HPA-axis response in
critical illness. OPioids administered to GPioid-fAdive subjects
rapidly and profoundly inhibit both Siress-related Eortisol
production and EOKiSOl FESPORSE to CoSyREropin Stimulation,
while ERFORIC BPioid consumers GEcasionallj manifest AdEed
Ral'erises, phenomena apparently induced by inhibition of
the HPA axis at multiple sites (72). BéfiZodiazepinies, similarly,
quickly induce difflinished Eottisel fofmation by inhibiting
activity at multiple central and peripheral sites in the HPA axis,
including that of adrenal microsomal 17- and 21-hydroxylase
activity as well as 11-B-hydroxylase activity in adrenal mito-
chondria (73) Finally, experimental studies have shown that
inflammatory mediators such as corticostatins may bind to
ACTH receptors in the adrenal cortex, thus preventing ACTH
stimulation of cortisol synthesis (74).

Altered Extra-Adrenal Corticosteroid Metabolism. There
is evidence for Alféfed activity of EOFficosteroid-metaboliz-
ifig EnZymes during inflafimation and critical illness. These
changes can influence local tissue action of glucocorticoids and
impact the activity of the HPA axis. Even though daytime corti-
sol production rate is increased in sepsis, the absolute increase
appears much less than previously thought. Also, nocturnal
cortisol production is not different from that in healthy sub-
jects (15) despite the level of cortisol in the circulation increas-
ing. Several studies have also demonstrated that the [Halfflifé

of cortisol is dramatically increased during severe sepsis and

other critical illnesses (14, 15). All of these findings suggest that
Feduiced eottisolbreakdowil may be a major feature of sepsis.
Experiments involving a range of in vivo and ex vivo techniques
showed that the expression and activity of the glucocorticoid-
inactivating 5-reductase enzymes are decreased (14). Addi-
tional studies demonstrate that fédiiced metabolism of cortisol
impacted the pulsatile release of ACTH (15). Post-mortem
Studiesof patients who died after prolonged Sepsis demonstrate
fedticed adrenalieortical’size and changes in adrenal morphol-
ogy in keeping with FEdUCEAEXPOSHLE of the adrenal EOFEEX to

step in cortisol synthesis, increased the risk of adrenal insufi-

BCTH (59). These results suggest that some of the [oNg-fefm
EHARGES in the HPA axis associated with Efifical illness are due

to

Other studies
examining endocrine testing during prolonged critical illness
may

Tisste Resistance to Glucocorticoids

Besides the availability of cortisol, the SERSifivity of target
fiSSWes to EOFis0l is important in the regulation of corti-
sol bioactivity. Intracellular glucocorticoid resistance refers
to inadequate glucocorticoid receptor alpha (GR-a) activ-
ity despite seemingly adequate plasma cortisol concentra-
tions (75). Since the GR-a ultimately controls GC-mediated
activity, any condition that affects its binding affinity,

Critical Care Medicine
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concentration, transport to the nucleus, and interactions
with GRE (nuclear and mitochondrial) or other relevant
transcription factors (NF-kB, AP-1) and co-regulators can
eventually affect the response of cells to glucocorticoids
(75). MiSSUETesistance to/glicocorticoids has been impli-
cated in CHYomic iMflammatory diseases such as CHEOMIC
ObStrtctive pulmonary disease, severe AStHmia, systemic
[ipUs erythematosus, ulcerative €Olifi§, and rheumatoid

arthritis (76).
with most of

the evidence originating from the sepsis and ARDS clini-
cal and experimental literature (75-81). Critical illness is
associated with reduced GR-a density and transcription (7,
25, 82, 83) and increased GR-f (dominant negative activity
on GR-induced transcription) (80, 83, 84). These changes
are considered faladaptive, since GR-a up regulation was
shown to augment the effects of available glucocorticoids
(81). Clinical studies in patients with septic shock (79, 80)
and ARDS (7) have provided EVid@Hicé of an

Ex vivo experiments suggest that, in ARDS, insufficient
GC-GRa-mediated activity is a central mechanism for the
upregulation of NF-kB activity (7, 81). Plasma samples
from patients with declining inflammatory cytokine levels
(and thus a state of regulated systemic inflammation) over
time elicited a progressive increase in GC-GRa-mediated
activity (GRo binding to NF-kB and to glucocorticoid
response elements on DNA, stimulation of inhibitory pro-
tein IxkBa and of IL-10 transcription), and a correspond-
ing reduction in NF-kB nuclear binding, and transcription
of TNF-a and IL-1f. In contrast, plasma samples from
patients with sustained elevation in inflammatory cyto-
kine levels elicited only modest longitudinal increases in
GC-GRa-mediated activity and a progressive increase
in NF-kB nuclear binding over time that was most strik-
ing in non-survivors (suggesting a dysregulated, NF-kB-
driven response). Analysis of lung tissue obtained by open
lung biopsy demonstrated that the degree of NF-kB and
GRa activation was associated with histological progres-
sion of ARDS, with positive correlation between severity
of fibroproliferation and nuclear uptake of NF-kB and a
lower ratio of GRa: NF-kB nuclear uptake (7). Similarly,

(84).

The effect of EXogenous glicocorticoids on intracellular

glucocorticoid resistance was studied in both circulating and
tissue cells. In experimental ARDS, F
treatment compared with placebo féstored number and
FEREESH with resolution of pulmonary inflammation (7).
Similarly, in an ex-vivo ARDS study, prolonged methylpred-
nisolone treatment—contrary to placebo—was associated with
upregulation in GRa number, GRa binding to NF-kB, GRa

nuclear translocation leading to reduction in NF-kB DNA-
binding and transcription of inflammatory cytokines (81).
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Treatment with glucocorticoids led to a change in the lon-
gitudinal direction of systemic inflammation from dysregu-
lated (NF-kB-driven response, maladaptive lung repair) to
regulated (GRa-driven response, adaptive lung repair), with
significant reduction in indices of alveolar-capillary mem-
brane permeability and markers of inflammation, hemosta-
sis, and tissue repair.

Sepsis is characterized by decreased GR-a in circulating
cells, in liver and muscle (25, 82, 83). In addition, there is
decreased GR-o transcription in circulating cells and lymph
node/spleen, in liver and kidney, and lung tissue (77). Sepsis
is also characterized by an increased expression of the GR
isoform GR-f in circulating cells, resulting in an imbalance

between GRa and GRp (80, 83)._

Tissue resistance to corticosteroid is Highly Variablé and
Correlates with SEVERiEy of illness and MOrtaliy (85).

SUMMARY

[TRFe8 major pathophysiologic EVents account for CIRCI: d§8-
Fegulation of the FIPA axis, alfered Cortisol metabolisi, and
fiSSte FESiStanice to corticosteroids (Table 1). During critical

illness, the regulation of cortisol production becomes much

more complex, involving
AUfOROmi¢ nervous system, Vaso-
PIESSifiergic system, and {MUNE system. Recent studies have

shown that plasma El€aFance of Eortisol is markedly reduiced
during critical illness, explained by Slippressed expression and

activity of the

- Additionally, Eortisol produiction rate in critically
ill patients is Oy FOderately increased to [€8§ than AGUHBIE
that of matched REalfh§ subjects. In the face of [6W plasma

ACTH concentrations, these data suggest that [GTHer factors
drive hypercortisolism during critical illness, which may
Stippress ACTH by fé&dbacKk inhibition. Finally, intracellular
Blicocorticoid Fesistance from insufficient GREG-mediated
Biiti-in flAMmatory activity (Feduiced GREG!|density and tran-
scription) and an increased expression of GR-f} in circulating

cells resulting in an [HBAIANEE between GRE and GRP can be

found in critically ill patients despite seemingly adequate cir-

culating cortisol levels. These
o idéntify patients at risk

for CIRCI and may also impact how corticosteroids are used
in patients with CIRCI.

mechanisms Key factors

Decrease in cortisol
production

Altered adrenal synthesis of
cortisol

Necrosis/hemorrhage Acute kidney failure; hypo-coagulation; disseminated intravascular

coagulation; cardiovascular collapse; tyrosine kinase inhibitors

Decreased availability of
esterified cholesterol

Depletion in adrenal storage regulated by annexin A1—formyl
peptide receptors

Down regulated scavenger receptor-B1

Inhibition of steroidogenesis  Immune cells/Toll-like receptors/cytokines

Drugs (e.g., sedatives, corticosteroids)

ACTH-like molecules (e.g, corticostatins)

Altered synthesis of CRH/
ACTH

Necrosis/hemorrhage Cardiovascular collapse; disseminated intravascular coagulation;

treatment with vasopressor agents
Inhibition of ACTH synthesis  Glial cells/nitric oxide mediated neuronal apoptosis

Increased negative feedback from circulating cortisol following
up regulation of ACTH-independent mechanisms of cortisol
synthesis

Drugs (e.g., sedatives, anti-infective, psychoactive agents)

Inappropriate cessation of glucocorticoid treatment

Alteration of cortisol
metabolism

Decreased cortisol transport ~ Down regulation of liver synthesis of cortisol-binding globulins and

albumin

Reduced cortisol breakdown  Decreased expression and activity of the glucocorticoid-inactivat-
ing b-reductase enzymes in the liver with putative role of bile
acids; Decreased expression and activity of the hydroxysteroid

dehydrogenase in the kidney

Target tissue resistance to
cortisol

Inadequate glucocorticoid
receptor alpha (GR-a)
activity

Multifactorial etiology including reduced GR-o. density and
transcription and excessive NF-kappa 3 activation
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Objective: To update the 2008 consensus statements for the
diagnosis and management of critical illness-related corticoste-
roid insufficiency (CIRCI) in adult and pediatric patients.
Participants: A multispecialty task force of 16 international experts
in critical care medicine, endocrinology, and guideline methods,
all of them members of the Society of Critical Care Medicine and/
or the European Society of Intensive Care Medicine.
Design/Methods: The recommendations were based on the
summarized evidence from the 2008 document in addition to
more recent findings from an updated systematic review of rel-
evant studies from 2008 to 2017 and were formulated using the
Grading of Recommendations Assessment, Development, and
Evaluation (GRADE) methodology. The strength of each recom-
mendation was classified as strong or conditional, and the quality
of evidence was rated from high to very low based on factors
including the individual study design, the risk of bias, the con-
sistency of the results, and the directness and precision of the
evidence. Recommendation approval required the agreement of
at least 80% of the task force members.

Results: The task force was [ifable to reach Agreement on a-
gle test that can reliably diagnose CIRCI, although delta cortisol
(Ghange in paseline cortisol all60OMIN o KIONIG/dL) after-
_ administration and a f@ndom plasma Eortisol of
_ may be used by clinicians. We suggest - using
plasmarfree cortisol or salivary cortisol level BVel plasma fotal G-

. (conditional, very low quality of evidence). For treatment of spe-
cific conditions, we suggest using _
in patients with Septic shoek that
is Aol fesponsive to fllid and moderate- to _
_ (conditional, [6W GUality of Bvidence). We suggest not

without shock

using in adult patients with sepsis
(conditional recommendation, moderate quality of evidence). We

suggest the use of Vimethylprednisolone ma/ka/day in patients
with garly moderate to SéVere acute respiratory distress syndrome

and Within'#4'days'ofionset) (conditional, fod-
of evidence). Corticosteroids are . suggested for

patients with major - (conditional, low quality of evidence).
Conclusions: Evidence-based recommendations for the use
of corticosteroids in critically ill patients with sepsis and septic
shock, acute respiratory distress syndrome, and major trauma
have been developed by a multispecialty task force. (Crit Care
Med 2017; XX:00-00)

Key Words: corticosteroids; glucocorticoids; critical illness; sepsis;
septic shock; acute respiratory distress syndrome; major trauma

INTRODUCTION
Critical jllness-Felated Corticosteroid insufficiency (CIRGI) is

a concept that was first introduced in 2008 by an international

2 www.ccmjournal.org

multidisciplinary task force convened by the Society of Critical
Care Medicine (SCCM) to describe impairment of the hypotha-
lamic pituitary axis (stress response) during critical illness (1).
CIRCI is characterized by dysregulated systemic inflammation
resulting from inadequate intracellular glucocorticoid-mediated
anti-inflammatory activity for the severity of the patient’s criti-
cal illness. The putative symptoms of CIRCI are listed in Table 1.
CIRClI is associated with increased circulating levels of biological
markers of inflammation and coagulation over time, morbid-
ity, length of ICU stay, and mortality. Given the growing body of
evidence that CIRCI occurs across a broad spectrum of critical
illness, an understanding of the pathogenesis and treatment of
CIRCI is important to all critical care providers.

Two emerging themes made it necessary to revisit the con-
cept, diagnosis, and management of CIRCI (1): the recognition
of the importance of evidence-based approaches to patient care
to enhance quality, improve safety, and establish a clear and
transparent framework for service development and healthcare
provision (2); the widespread use of corticosteroids in critically
ill patients, highlighting the need for a valid, reliable, and trans-
parent process of evaluation to support key decisions.

Against this background, the SCCM and the European Society
of Intensive Care Medicine (ESICM) have updated the 2008 guide-
lines for the diagnosis and treatment of CIRCI In addition to
rigorous application of GRADE (Grading of Recommendations
Assessment, Development, and Evaluation) methodology, the

TABLE 1. Putative Sighs and Symptoms

of Critical lliness-Related Corticosteroid

Insufficiency (CIRCI)

Clinical

General Fever, asthenia
Neurological Confusion
Delirium
Coma

_ fefractony) to fluid resuscitation
Decreased sensitivity to catecholamines
High cardiac index

Nausea

Cardiovascular

Digestive
Vomiting

Intolerance to enteral nutrition
Persistent hypoxia
-glycemia

-natremia

Hyperkalemia

Metabolic -
Hypereosinophilia

Hemorrhage or necrosis in hypothalamus,
pituitary gland or adrenal gland

Respiratory

Laboratory

Imaging
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recommendations in this document focus on patient-important
outcomes and utility to clinicians in everyday practice. It was not
intended to define a standard of care, and should not be inter-
preted as such. As with any clinical practice guideline, it should not
be interpreted as prescribing an exclusive course of management.
The guideline covers CIRCI in critically ill children and adults. It
does not cover chronic adrenal insufficiency and does not apply to
neonates, because the guideline panel felt these areas represented
separate fields of expertise. This guideline focuses on the three
disorders that most clinicians associate with CIRCI: sepsis/septic
shock, acute respiratory distress syndrome, and major trauma.

Composition of the Guideline Development Group

A multispecialty task force of international experts in critical
care medicine, endocrinology, and guideline methods was con-
vened from the membership of the SCCM and the ESICM. The
first in-person meeting was held during the SCCM Ceritical Care
Congress in San Francisco, CA in January 2014, followed by
several teleconferences and electronic-based discussion at regu-
lar intervals and another three in-person meetings during the
annual SCCM Critical Care Congress in January 2015, Febru-
ary 2016, and January 2017. Members who were unable to par-
ticipate in the in-person meetings were given the opportunity to
provide electronic input, and meeting updates were circulated.

Conflict of Interest Policy

We required all guideline task force members to fill out a detailed
declaration of interest statement including all current and future
financial conflicts of interest (COI) as well as past interests,
restricted to the 2 years immediately before joining the guideline
development process. No task force members reported any finan-
cial COI related to the development and writing of the guideline.
All members were allowed to participate in all discussions and
had equal weight in formulating the statements or in voting. All
were allowed equal involvement in data extraction and writing
the rationales. We also allowed members to exclude themselves
from discussion and voting around specific questions if they felt
significant academic COL There was no input or funding from
industry to produce this guideline. The COI forms are available
from the SCCM and ESICM and are updated on a regular basis.

Question Development

The task force members developed a list of questions struc-
tured in the Population, Intervention, Comparison, and Out-
come (PICO) format regarding the diagnosis and treatment of
CIRCI in various clinical conditions (Supplemental Digital
Content 1, http://links.lww.com/CCM/C914). The methods
chair (BR) assisted in developing the PICO questions, i.e., fram-
ing the clinical questions in a searchable format. This required
careful specification of the patient group (P), the intervention
(I), the comparator (C), and the outcomes (O) for interven-
tion questions and the patient group, index tests, reference
standard, and target condition for questions of diagnostic test
accuracy. For each question the task force agreed upon explicit
review question criteria including study design features. Some
of these questions had been previously addressed in the 2008
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guidelines (1) and required updates of the evidence summa-
ries, whereas others required de novo systematic reviews.

Assessment of Relative Importance of Outcomes

For each intervention question a list of outcomes was compiled,
reflecting both benefits and harms of alternative management
strategies. Outcomes (from the perspective of a patient) were
ranked from “low” to “critical” importance and agreed by con-
sensus of the task force members (Supplemental Digital Con-
tent 2, http://links.lww.com/CCM/C915). Ranking outcomes
by their relative clinical importance helps to focus on those that
are most relevant to patients and may lead to improved clarifi-
cation during potential disagreements in decision making.

SEARCHING FOR EVIDENCE

Sources

The information technologists (based at McMaster Univer-
sity, Hamilton, Ontario) searched The Cochrane Database of
Systematic Reviews, DARE, CENTRAL, and Medline for all
PICO questions on diagnosis and treatment. All searches were
updated through May 2017. The search strategies combined
subject headings and text words for the patient population,
index test and target condition for the diagnostic questions
and subject headings and text words for the population and
intervention for the intervention questions (Supplemental
Digital Content 1, http://links.Iww.com/CCM/C914).

If a previous meta-analysis of high quality was identified
which addressed one of the PICO questions, this was used or
updated to incorporate new evidence since its publication.
Search and screening results were provided to the task force to
ensure no important trials were missed or erroneously included.

Reference lists from the included publications were screened
to identify additional papers. The methods chair also searched
guideline databases and organizations including the National
Guideline Clearinghouse, Guidelines International Network,
Guidelines Finder, Centre for Reviews and Dissemination,
National Institute for Health and Care Excellence, and profes-
sional critical care and endocrinology societies for guidelines
in order to screen the reference lists.

Selection of Studies for Inclusion

The information technologists screened all titles and abstracts to
discard the clearly irrelevant articles. Task force members com-
pleted a second screening. References were allocated to pairs of
reviewers for evaluation of eligibility. All abstracts that did not
meet the inclusion criteria were discarded. Any discrepancies at
this stage were resolved by group consensus. All pairs of review-
ers, with help from the methods support team, retrieved full texts
of potentially relevant studies and examined them independently
for eligibility. Any discrepancies were resolved by consensus.

Data Extraction and Critical Appraisal of Individual
Studies

For each included study, we collected relevant information
on design, conduct, risk of bias, and relevant results. For each
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question, the methodologist extracted all individual study data
and produced (when pooling was judged to be appropriate)
forest plots by outcome. All analysis was done using Review
Manager (RevMan) software version 5.3 (Copenhagen: The
Nordic Cochrane Centre, The Cochrane Collaboration, 2014).

The risk of bias of the included studies was evaluated using
various validated checklists, as recommended by the Cochrane
Collaboration (2). These were AMSTAR for systematic reviews
(3), the Cochrane Risk of Bias tool for randomized controlled
trials (4), and the Newcastle-Ottawa scale for cohort and case-
control studies (5).

Evidence Profiles
Evidence summaries for each question were prepared by the
methodologist following the GRADE approach (6), using
the GRADEpro Guideline Development Tool online software
(www.gradepro.org).

The evidence profiles include the summary—pooled or
narrative—outcome data, an absolute measure of intervention
effect when appropriate, the importance of the outcome, and
the summary of quality of evidence for each outcome. Evidence
profiles were constructed by the methodologist and reviewed
and confirmed with the rest of the task force members.

Rating the Quality of the Evidence for Each Outcome
Across Studies

In accordance with GRADE, the task force initially catego-
rized the quality of the evidence (certainty) for each outcome
as high if it originated from randomized controlled trials
(RCTs) and low if it originated from observational data. We
subsequently downgraded the quality of the evidence by one
or two levels if results from individual studies were at serious
or very serious risk of bias, there were serious inconsistencies
in the results across studies, the evidence was indirect, the data
were sparse or imprecise, or publication bias was thought to
be likely. If evidence arose from observational data, but effect
sizes were large, there was evidence of a dose-response gradi-
ent, or all plausible confounding would either reduce a demon-
strated effect or suggest a spurious effect when results showed

no effect, we upgraded the quality of the evidence. By repeating
this procedure, we obtained an overall quality of the evidence
for each outcome and each intervention.

Formulating Statements and Grading
Recommendations
Actionable recommendations. After the evidence summary tables
and evidence profiles had been prepared, revised, and approved
by the task force, the recommendations were finalized. All recom-
mendations were developed based on the GRADE evidence pro-
files for each recommendation. Each of the following factors was
considered in recommendation development: the quality of the
evidence, the balance of desirable and undesirable consequences
of compared management options, the assumptions about the
patient’s values and preferences associated with the decision, the
implications for resource use and health equity, the acceptability of
intervention to stakeholders, and the feasibility of implementation.
Recommendations and their strength required the agreement of at
least 80% of the task force members. Committee members unable
to join the face-to-face meetings or teleconferences were provided
opportunity for input electronically. The entire committee agreed
on the final wording of each recommendation and rationale with
further qualifications for each recommendation (e.g., subgroup
considerations, justification, implementation considerations).
Each recommendation was designated either “strong” or
“conditional” according to the GRADE approach (7). As out-
lined by GRADE, we used the phrasing “we recommend” for
strong recommendations and “we suggest” for conditional (syn-
onymous with the older term ‘weak’) recommendations (Table
2). The implications of the strength of the recommendations
for patients, clinicians, and policy makers are shown in Table 3.
Writing Rationale. We collated the actionable recom-
mendations and the clinical advice for each of the clinical
questions in separate chapters structured according to a
specific format. Each question resulted in one or more spe-
cific boxed statements. Within each recommendation the
strength was indicated as strong or conditional and the qual-
ity of the supporting evidence as high, moderate, low or very
low (Table 2).

TABLE 2. Factors Determining Strong vs. Conditional Recommendation

What Should be Considered Recommended Process

High or moderate evidence (Is there high or moderate quality
evidence?)

The higher the quality of evidence, the more likely a strong
recommendation

Certainty about the balance of benefits vs. harms and burdens
(Is there certainty?)

The larger the difference between the desirable and undesir-
able consequences and the certainty around that difference,
the more likely a strong recommendation. The smaller the net
benefit and the lower the certainty for that benefit, the more
likely a weak recommendation.

Certainty in or similar values (Is there certainty or similarity?)

The more certainty or similarity in values and preferences, the
more likely a strong recommendation.

Resource implications (Are resources worth expected
benetfits?)

The lower the cost of an intervention compared to the alternative
and other costs related to the decision—i.e., fewer resources
consumed—the more likely a strong recommendation.

4 www.ccmjournal.org
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TABLE 3. Implications of the Strength of Recommendation

Strong Recommendation

Conditional Recommendation

For patients

proportion would not.

Most individuals in this situation would want the
recommended course of action and only a small

The majority of individuals in this situation would
want the suggested course of action, but
many would not.

For clinicians

Most individuals should receive the recommended
course of action. Adherence to this recommenda-
tion according to the guideline could be used as a
quality criterion or performance indicator. Formal
decision aids are not likely to be needed to help

Different choices are likely to be appropriate
for different patients, and therapy should be
tailored to the individual patient's circum-
stances. Those circumstances may include
the patient or family’s values and preferences.

individuals make decisions consistent with their

values and preferences.

For policy makers

indicators.

The recommendation can be adapted as policy in most
situations including for the use as performance

Policy making will require substantial debates
and involvement of many stakeholders.
Policies are also more likely to vary between
regions. Performance indicators would
have to focus on the fact that adequate
deliberation about the management options
has taken place.

All statements are followed by advice for clinical prac-
tice, where relevant, and the rationale. The rationale
contains a brief section on the relevant background and
justification of the topic, followed by a short narrative
review of the evidence.

External Review

External peer review was provided through the Board of
Regents of the American College of Critical Care Medi-
cine, the councils of the SCCM and ESICM, and the edi-
torial boards of Critical Care Medicine and Intensive Care
Medicine. Two international experts in endocrinology
(George P. Chrousos, MD and Stefan R. Bornstein, MD)
also reviewed the final draft of the guideline and provided
comments.

RECOMMENDATIONS FOR DIAGNOSIS OF

CIRCI
1. Is fotal cortisol response to synthetic

adrenocorticotropic hormone (ACTH; EoSyftropin)
to plasma or serum total cortisol for
the diagnosis of CIRCI?

Recommendation: The task force makes fl0/fecomimendation

istration Of a fandom PIaSHE cortisol o
diagnosis of CIRCI.

Rationale: The 2008 guidelines suggested that the diagnosis
of CIRCI is best made by a delta total serum cortisol of < 9 pg/
dL after IV cosyntropin (250 pg) administration or a random
total cortisol of < 10 pg/dL (1). To date, however, clinicians
have not adopted these diagnostic criteria in their routine prac-
tice. Moreover, the latest Surviving Sepsis Campaign guidelines
suggest not using the ACTH stimulation test to select patients
with septic shock that may be treated with hydrocortisone (8).

Critical Care Medicine

Nevertheless, a recent guideline from the Endocrine Society
confirmed that the high-dose (250-pg) ACTH stimulation test
is superior to other existing diagnostic tests to establish the
diagnosis of primary adrenal insufficiency, with peak cortisol
levels below 18 pg/dL (assay dependent) at 30 or 60 min indi-
cating adrenal insufficiency (9).

We found one single-center randomized trial that com-
pared low-dose ACTH (1 pg) stimulation test with total
random cortisol for diagnosis of adrenal insufficiency in 59
adults with septic shock (10). Compared with total random
cortisol, the low-dose ACTH test was better able to predict
a longer duration of vasopressor requirement and hemo-
dynamic response to corticosteroids. Similarly, prospective
cohort studies in adults with or without sepsis (11) and in
patients with multiple trauma (12) found that patients with
CIRCI, i.e., total cortisol levels < 10 pg/dL or delta corti-
sol < 9 pg/dL, had poorer outcomes than patients without
CIRCI. Likewise, a large multicenter prospective cohort
study found that critically ill children with a delta cortisol <
9 pg/dL after the low-dose ACTH stimulation test required
higher-dose and prolonged treatment with catecholamines,
a higher amount of fluid, and had a higher mortality rate
(13). See Supplemental Digital Content 3 (http://links.Iww.
com/CCM/C916) for evidence profile.

Owing to the potential for risk of bias in study design, with
only one single-center unblinded randomized trial and a small
number of prospective cohort studies, and due to imprecision
related to low numbers of patients included, we downgraded
the quality of evidence to low. After two rounds of voting the
task force members could not reach a consensus (> 80% agree-
ment) on whether the ACTH stimulation test is superior to
random cortisol for the routine diagnosis of CIRCI. Due to the
broad spectrum of abnormalities that may cause CIRCI, the
task force thought it is unlikely that a single test can reliably
diagnose CIRCI independent of its mechanisms, i.e., altered
cortisol synthesis or metabolism, or tissue resistance to cortisol.
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2. Is plasmad or Serum free cortisol level superior to
total cortisol level for the diagnosis of CIRCI?

Recommendation: We suggest @gainst using plasmalree cor-

tisol level rather than plaSiartotalicortisol for the diagnosis

of CIRCI (conditional recommendation, very low quality of
evidence).

Rationale: €@ cortisol is the Bioactive form of cortisol.
Critically ill patients often present with [6# serum concentra-
tions of cortisol-binding globulin (CBG) and hypoalbumin-
Bmia In patients with low serum concentrations of cortisol
binding proteins, serum total cortisol levels may not predict
serum free cortisol levels, with a correlation between serum
levels of free and total cortisol of only 50% to 60% (14).

We found no randomized trial that compared serum total
versus free cortisol levels to diagnose CIRCI. A prospective
study of 112 critically ill adults with treatment-insensitive
hypotension, published after the 2008 recommendations, found
a good correlation between serum concentrations of free and
total cortisol before and after 250 pg ACTH stimulation test-
ing (15). These findings suggested that using total cortisol levels
after ACTH testing is sufficient in critically ill adults. Another
prospective cohort study of 69 critically ill patients to assess the
time course of serum cortisol levels found that levels of both
free and total cortisol predicted clinical outcomes (16). Another
prospective cohort study of 29 adults with septic shock found
remarkable differences between the serum concentrations of
free and total cortisol levels both over time and in response to
1 pg ACTH (17). See Supplemental Digital Content 3 (http://
links.Iww.com/CCM/C916) for evidence profile.

Measurement of serum free cortisol levels involves cumber-
some techniques that are unlikely to be available in all hospital
laboratories and unlikely to provide a rapid turnaround time.
There were a small number of low-quality observational stud-
ies with inconsistent findings. Thus, the task force suggested
against measuring plasma free cortisol level over plasma total
cortisol level in patients with suspected CIRCI.

3. Is salivary free cortisol level superior to plasma
total cortisol level for the diagnosis of CIRCI?
Recommendation: We suggest 3gainst using Salivary rather
than serum cortisol for diagnosing CIRCI (conditional recom-
mendation, very low quality of evidence).

Rationale: In saliva, cortisol is found unbound. Thus, mea-
suring salivary cortisol levels may inform on free cortisol levels
and adrenal function. However, salivary cortisol levels may be
impacted by a number of confounding factors such as gender,
age, time and site of sampling, and saliva volume (18). A few
studies evaluated the use of salivary cortisol as a measure for
adrenal insufficiency. In one study, free cortisol level was more
strongly correlated with salivary than with serum total cortisol
in 88 cirrhotic patients (Spearman coefficient 0.91 and 0.76,
respectively; p<0.001) (19). In contrast, in a study of 57 patients
with septic shock, there was no significant difference between
free serum cortisol and salivary cortisol levels (p = 0.28) (20).
In addition, the correlation between salivary cortisol and total
serum cortisol levels was very good (80%). Unbound plasma
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cortisol can be calculated using total serum cortisol and CBG
measurements (21, 22). See Supplemental Digital Content 3
(http://links.Iww.com/CCM/C916) for evidence profile.

The evidence demonstrating any benefit of using salivary
cortisol over serum cortisol is extremely limited. Although sali-
vary cortisol may be more closely correlated with free cortisol
than total cortisol, no study has demonstrated that using sali-
vary cortisol to diagnose CIRCI in critically ill patients leads
to improved patient outcomes. Furthermore, the practicality
and feasibility of using salivary cortisol is questionable given
that it is tested by enzyme immunoassay, which may not be
routinely available at most centers. Additionally, there are
implementation concerns: in the Estrada-Y-Martin study (20),
for example, 19 of the 57 patients were excluded because three
initial samples did not provide any saliva, and 16 were elimi-
nated owing to insufficient saliva or blood contamination. The
task force therefore felt that using salivary cortisol would not
be cost effective, practical, or feasible.

4. Is the 1-ug ACTH stimulation test superior to the
250-pg ACTH test for the diagnosis of CIRCI?

Recommendation: We suggest that the High-dose (250°1g)
B (hon the [SWEISEE GEIMAGHE stimulation test be

used for the diagnosis of CIRCI (conditional recommenda-
tion, low quality of evidence).

Rationale: The high-dose (250-ug) ACTH stimulation
test remains the most popular diagnostic test for adrenal
insufficiency. However, this supraphysiologic dose of ACTH
may result in significant stimulation of the adrenocortical
cells in patients with proven adrenal insufficiency. Therefore,
to increase the sensitivity of this diagnostic test, low-dose
(1-ug) ACTH was suggested. The high-dose ACTH test is
easy to perform and safe. The low-dose ACTH test requires
some preparation at the bedside as the commercial ampoules
contain 250 pug of ACTH.

A recent meta-analysis of 30 studies, involving 1209 adults
and 228 children, found that for secondary adrenal insufficiency,
the high- and low-dose ACTH tests had similar diagnostic accu-
racy (23). The likelihood ratio (LR) of a positive test was 9.1 and
5.9 for the high- and low-dose ACTH test, respectively, for adults
and 43.5 and 7.7, respectively, for children. However, both tests
had low sensitivity as suggested by the suboptimal LR of a nega-
tive test (adults: 0.39 and 0.19 for the high- and low-dose ACTH
test, respectively; children: 0.65 and 0.34, respectively). A pro-
spective cohort study of 74 adults with septic shock found that
the delta cortisol using the low- and high-dose ACTH tests was
equally accurate in predicting vasopressor dependency and mor-
tality (24). Likewise, in a prospective multicenter cohort study of
critically ill children, the low- and high-dose ACTH tests showed
similar accuracy in the prediction of clinical outcomes (13). See
Supplemental Digital Content 3 (http://links.Iww.com/CCM/
C916) for evidence profile.

Owing to easier practical modalities and the comparable
accuracy of the low- and high-dose ACTH tests, the task force
suggested using the high-dose rather than the low-dose ACTH
test for the diagnosis of CIRCI.
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5. Is hemodynamic response to hydrocortisone
(50-300 mg) superior to the 250-ug ACTH stimulation
test for the diagnosis of CIRCI?

Recommendation: We suggest the USe/Of the 250-jig ACTH
SHmUlation test faher than the Hemodynamic Fesponse to
hydrocottisone (50—300 mg) for the diagnosis of CIRCI (con-

ditional recommendation, very low quality of evidence).

Rationale: Farly reports on low-dose corticosteroids
in human septic shock hypothesized that hemodynamic
improvement unmasks adrenocortical insufficiency (25, 26).
Hydrocortisone was found to improve the vasopressor response
to norepinephrine in septic patients, this effect being more
marked in patients with CIRCI (27). Arterial hypotension may
serve as a useful marker of inadequate corticosteroid activity,
although not all patients with septic shock may have CIRCI (28).

No studies are presently available that directly address this
specific question. CIRCI diagnosed with the 250-pg ACTH
stimulation was associated with faster shock resolution in
two studies (29, 30). In contrast, the CORTICUS trial found
a similar hemodynamic response to corticosteroids in patients
with or without CIRCI (31). The recent Hydrocortisone for
Prevention of Septic Shock (HYPRESS) trial also did not find
a difference in the development of septic shock in the presence
or absence of CIRCI (32). However, in the HYPRESS trial only
a limited number of patients were screened for CIRCI, affecting
the reliability of these data. See Supplemental Digital Content 3
(http://links.Iww.com/CCM/C916) for evidence profile.

Earlier shock resolution has been shown to lead to lower
mortality (33). However, no studies compared the prognostic
value of hemodynamic response to hydrocortisone versus the
250-ug ACTH test for the diagnosis of CIRCI. Meta-analyses
examined only differences in mortality rates with corticoste-
roid treatment between those with and without documented
CIRCI (34). Thus, the task force could only recommend the
use of the 250-pg ACTH stimulation test to diagnose CIRCI.

6. Is corticotropin level superior to the 250-ug ACTH
stimulation test for the diagnosis of CIRCI?
Recommendation: We suggest @gainst using COrticotropin 1ev-
€I§ for the routine diagnosis of CIRCI (conditional recommen-
dation, low quality of evidence).

Rationale: The plasma corticotropin level is determined by
corticotropin release from the anterior pituitary gland into the
systemic circulation. Normally, plasma concentrations of corti-
cotropin and cortisol change in opposite directions. In primary
adrenal insufficiency, plasma cortisol level is low and plasma cor-
ticotropin level is high. In hypopituitarism, plasma corticol level
is low and plasma corticotropin level is low or normal. During
critical illness, plasma corticotropin levels have been variably
found to be low, normal, or high and likely follow a dynamic
pattern with transiently elevated levels and subsequent decline
over a period of weeks after the initial insult (1). We did not find
any study that compared the diagnostic accuracy of corticotro-
pin level with that of the ACTH stimulation test.

Owing to the complexity of measuring the plasma level of
corticotropin, the task force deemed that it is not feasible in
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most institutions to obtain a corticotropin level with a suffi-
ciently short turnaround time to have an impact on the acute
management of the critically ill.

RECOMMENDATIONS FOR
USE IN CRITAL CARE CONDITIONS

Sepsis

A. Should corticosteroids be administered among hospital-

ized adult patients with sepsis Withouit sSHock?
Recommendation: We suggest Against corticosteroid

administration in adult patients with SEpsi§ Without SHOCK

(conditional recommendation, moderate quality of evidence).

Rationale: Sepsis and septic shock are major healthcare
problems: they affect millions of people worldwide annually
and are associated with mortality rates of 25-30% and high
direct and indirect costs (35-39). Pro-inflammatory cytokines
have been demonstrated to either suppress cortisol response to
ACTH or compete with intracellular glucocorticoid function,
which can result in CIRCI in septic patients. Sepsis-related
CIRCI may in turn precipitate organ failure and result in lack
of response to vasopressor therapy in these patients (40, 41).
Thus, the potential benefit of corticosteroids for the treatment
of sepsis has been tested in dozens of observational studies and
trials over a period of several decades.

Analysis of 27 RCTs (n = 3176) of patients with sepsis with
and without shock revealed a 28-day mortality rate of 29.3%
in patients receiving corticosteroids compared with 31.8% in
those who received placebo (relative risk [RR] 0.87, 95% CI
0.76-1.0) (42). The quality of evidence was considered low
owing to inconsistency in the results and imprecision. See
Supplemental Digital Content 4 (http://links.lww.com/CCM/
C917) for evidence profile.

A separate analysis of six RCTs (n = 826) of patients with
sepsis without shock revealed a 28-day mortality rate of 33.8%
in patients receiving corticosteroids compared with 30.6% in
those who received placebo (RR 1.11, 95% CI 0.91-1.34) (42).
Hyperglycemia was the most common adverse event, and corti-
costeroids did not increase the risk of secondary infections (RR
1.02, 95% CI 0.87-1.20). The quality of evidence was consid-
ered moderate due to imprecision, given the wide confidence
intervals. See Supplemental Digital Content 4 (http://links.lww.
com/CCM/C917) for evidence profile.

Most recently, the HYPRESS multicenter trial assigned
patients with sepsis (excluding those with shock) to receive
either a continuous infusion of 200 mg of hydrocortisone for 5
days, followed by dose tapering until day 11 (n = 190), or pla-
cebo (n = 190) (33). The primary outcome was development
of septic shock within 14 days. Patients who received hydro-
cortisone showed no difference in rates of progression to sep-
tic shock within 14 days from those given placebo (difference
—1.8%; 95% CI —10.7% to 7.2%; p = 0.70). In addition, there
were no significant differences between the hydrocortisone and
placebo groups for the use of mechanical ventilation (53.2% vs
59.9%), mortality at 28 days (8.8% vs 8.2%) or up to 180 days
(26.8% vs 22.2%), ICU length of stay (median [interquartile
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range] 8 [5—15] vs 9 [6—17] days), or hospital length of stay
(median [interquartile range] 26 [16—46] vs 25 [16—40] days).
In the hydrocortisone versus placebo groups, 21.5% vs 16.9%
had secondary infections, 8.6% vs 8.5% had ventilation wean-
ing failure, 30.7% vs 23.8% had muscle weakness, and 90.9% vs
81.5% had hyperglycemia. Based on these results, the task force
members agreed that corticosteroids may not be beneficial in
adult patients with sepsis without shock.

B. Should corticosteroids be administered among hospitalized

adult patients With septic shocks

Recommendation: We suggest [iSing Eorficosteroids in
patients with SEpPEICISHOCK that is HOtTesponsive to fidid and
moderate- to High=doseNasopressotitherapy (conditional rec-

ommendation, low quality of evidence).

C. What is the recommended dose\and duration of treatient
among hospitalized adult patients with Séptic Shock treated

Recommendation: If using corticosteroids for septic shock,

we SHEEESE using [GAZEOUTSE and [6GWd6Se (e.g., IV hydrocor-

tisone KI400mg/day for ) Eathef than
Righ dose and SHOFt course in adult patients with septic shock

(conditional recommendation, low quality of evidence).
Rationale: The latest Cochrane systematic review of the use
of low-dose hydrocortisone for treating septic shock, including
33 RCTs with a total of 4,268 patients (42), showed that cor-
ticosteroids significantly reduced the risk of death at 28 days
compared with placebo. Three of these RCTs included children
and the other 30 trials included only adults. Survival benefits
were dependent on the dose of corticosteroids, with lower doses
(< 400 mg of hydrocortisone or equivalent per day) for a longer
duration of treatment (3 or more days at the full dose) found
to be better, and on the severity of the sepsis. Furthermore,

increased risk of superinfection or gastrointestinal bleeding.
See Supplemental Digital Content 4 (http://links.lww.com/
CCM/C917) for evidence profile.

A network meta-analysis of 22 trials suggested fig clear [g¥i%
dence for the SUpEHoHty of GRENPE of Corticosteroids over
ANother in adult patients with septic shock (43). However,
hydrocortisone boluses and infusions were more likely than
methylprednisolone boluses and placebo to reverse shock.

Given the consistent effect of corticosteroids on shock
reversal and the

Eorticosteroids) the task force suggests the use of low-dose IV
hydrocortisone[<400mg/day foratleast 3 days at il dose, or

[6fgex in adult patients with septic shock that is not respon-
sive to fluid and moderate to Righ-dose _
Horepinephrine or equivalent) vasopressor therapy. The task
force panel was unable to comment on pediatric patients with
septic shock as the meta-analyses we reviewed did not include
enough patients in this age group. A small pilot RCT (Steroids
in Fluid and/or Vasoactive Infusion Dependent Pediatric Shock,
STRIPES) demonstrated the feasibility of a larger RCT to
address the role of corticosteroids for the treatment of pediatric

8 www.ccmjournal.org

shock (44). Since the publication of the Cochrane meta-analy-
sis in 2015, a few small studies of early corticosteroid therapy
in patients with pediatric septic shock and adult patients with
sepsis-associated ARDS have been published (45—47) but the
results are consistent with our current recommendations.

The Activated Protein C and Corticosteroids for Human
Septic Shock (APROCCHSS) trial enrolled 1,241 adult patients
with refractory septic shock from 35 centers in France (48). This
trial commenced in 2008 and initially included the recombi-
nant form of human activated protein C (APC), drotrecogin
alfa-activated. The study featured a 2x2 factorial design with
patients assigned to placebo of hydrocortisone + placebo of
fludrocortisones + placebo of APC; hydrocortisone + fludrocor-
tisone + placebo of APC; placebo of hydrocortisone + placebo
of fludrocortisone + APC; or hydrocortisone + fludrocortisone
+ APC. Hydrocortisone was administered as a 50-mg IV bolus
every 6h and fludrocortisone as a 50-pg tablet via a nasogastric
tube once daily. In 2011, APC was withdrawn from the market
after failing to demonstrate adequate efficacy in other clinical
trials (49). Once APC was no longer available, the study contin-
ued without the APC arms; one arm then comprised placebo
corticosteroids (n = 627) and the other arm comprised hydro-
cortisone and fludrocortisone combined (n = 614). Another
large RCT (the ADRENAR Sfidy) conducted in Australia and
New Zealand enrolled 3,800 patients either to hydrocortisone or
to a placebo. Although enrolment is completed, results are not
yet available (50). In this trial, no ACTH stimulation testing was
performed. The final F&SHIES of these two trials are SEllpending
but once available may further define the role of corticosteroids
in the setting of sepsis or septic shock. Our recommendations
may have to be re-addressed once these results are available.

Acute Respiratory Distress Syndrome
Should corticosteroids be administered among hospitalized

adult patients with acute respiratory distress syndrome?

Recommendation: We SUHZEESt use of EOEticosteroids in
patients with @l moderate to -_
syndromel (P2O,/FiO, ofiEi200]and within 14 days of onset)
(conditional recommendation, moderate quality of evidence).

Rationale: Acute respiratory distress syndrome (ARDS)
represents an important public health problem globally.
Despite advances in supportive care, BRIDS is associated with
a high FOTalify rate (35%=45%) (51). ARDS is also associ-
ated with high costs of inpatient care and significant long-term
morbidity and resource utilization (52). In ARDS, prolonged

mechanical VeREIAGOR is associated with ificteased FisK of -
abiliy and mortalify at Lyear (53, 54).

Nine trials have investigated prolonged glucocorticoid treat-
ment in ARDS (46). One of these trials was in patients with
ARDS due to community-acquired pneumonia (59) and
another was a subgroup analysis of the initial corticosteroid trial
in septic shock (60). These

inflammatory cytokines
and/or C-reactive protein levels), f€dUEEON in the duration of

mechanical yentilation by approximately.7.days, and probable
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reduction in hospital HOEtality by approximately Zo0iandiiis

in patients with Hiild and §eVeteé ARDS, respectively (moder-
ate certainty) (61). All but two trials (55, 56) investigated treat-

ment initiated in early ARDS. Compared with late (= 7 days)
initiation, early (< 72 h) initiation of flethylprednisolone treat-
ment-when fibfoproliferation (62) is Sill in the Eafly Stage of
development (Eellilaf with predominant typeTIprocollagen)—

shows response to a
and is associated with faster disease resd

olution (e.g., shorter time to unassisted breathing, shorter time
to ICU discharge) (61). See Supplemental Digital Content 4
(http://links.Iww.com/CCM/C917) for evidence profile.

A recent individual patient data (IPD) analysis of the four
largest trials (7 = 322) investigating prolonged methylprednis-
olone treatment in early (57, 58) and late (on and after day 7 of
onset) (55, 56) ARDS confirmed trial-level data demonstrat-
ing benefit with corticosteroids, with improved survival and
decreased duration of mechanical ventilation (61).

With the exception of hyperglycemia (mostly within the
36 h following an initial bolus), prolonged glucocorticoid treat-
ment was not associated with increased risk for neuromuscular
weakness, gastrointestinal bleeding, or nosocomial infection
(61). Hyperglycemia was not associated with increased mor-
bidity. Two trials reported a significant reduction in the risk for
developing shock (56, 59).

The task force members believed that the qUalityof the'evid
GEREE for the effect of corticosteroids on fortality was -

given the serious risk of imprecision related to small
numbers of events and confidence intervals that approach no
effect. Some of the included trials allowed blinded crossover,
two trials were unblinded, and four trials had less than 60
patients.

In summary, the

ollowed by

slow [apering oVerii3idays (Supplemental Digital Content 5,
http://links.lww.com/CCM/C918). Méthylprednisolone is Sug-
8e8ted because of its gfeater penetration into [HAg tissue and
IOHgEr FeSidence fiie (63). Furthermore, fethylprednisolone
should be weaned slowly (6-14 days) and not stopped rapidly
(2=4day8) or ABFUPHY as deterioration may occur from the
development of a feConstitlted inflamimatory response. Finally,
glucocorticoid treatment BIAES the fEBFlE response; therefore,

infection Surveillance is fecommended to ensure prompt iden-

tification and treatment of hospital-acquired infections.

Major Trauma
Should corticosteroids be administered among hospitalized
adult patients with major trauma?

Recommendation: We suggest @gainst the @8€ of cortico-
steroids in fiajoritrauma (conditional recommendation, low
quality of evidence).

Rationale: Major trauma is the main cause of non-septic
systemic inflammatory response syndrome (SIRS). Tissue
necrosis, hemorrhage and ischemia—reperfusion injury are the
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main factors that trigger the inflammatory cascade. CIRCI may
be common in severe trauma patients, and is associated with
uncontrolled inflammation, vasopressor dependency and poor
clinical outcomes (64).

We found 19 trials (n = 12,269) that investigated the effects
of corticosteroids on short-term mortality in adults with mul-
tiple trauma. There were 1,691/6,286 (26.9%) deaths in the
corticosteroid group versus 1,401/5,983 (23.4%) deaths in
the placebo group (RR = 1.00, 95% CI 0.89-1.13). Stratified
analysis of mortality based on corticosteroid dose (low vs
high) found no significant dose effect (test for interaction p
= 0.73). The RR of dying was 1.03 (95% CI 0.86—1.22) in the
10 trials that examined low-dose corticosteroid treatment and
0.98 (95% CI 0.81-1.18) in the nine trials of high-dose cor-
ticosteroids. Corticosteroid therapy did not increase the risk
of gastroduodenal bleeding (1 = 12 trials; RR = 1.22, 95% CI
0.90-1.65) or superinfection (n = 7 trials; RR=0.93, 95% CI
0.80-1.08). Two trials examined the effects of hydrocortisone
(65) and hydrocortisone plus fludrocortisone (66) specifically
in trauma-associated CIRCI, as defined by a change in base-
line cortisol at 60min of < 9 pg/dL after cosyntropin (250
lg) administration. In the first trial (n = 113 multiple trauma
patients with CIRCI), hydrocortisone therapy prevented the
development of hospital-acquired pneumonia by day 28 (haz-
ard ratio [HR] 0.47, 95% CI 0.25-0.86) and increased by 6 days
(95% CI 2—11) the number of mechanical ventilation-free days.
In the second trial (7 = 267 head trauma patients with CIRCI),
the HR for hospital-acquired pneumonia with corticosteroids
versus placebo was 0-80 (95% CI 0.56—1.14). In this trial, there
was no interaction between response to corticosteroid therapy
and CIRCI status. See Supplemental Digital Content 4 (http://
links.lww.com/CCM/C917) for evidence profile.

The largest trials which primarily drive the signal for mor-
tality outcome were at low risk of bias, and stratified analysis
found no dose effect. Although the type of patients and the
formulation, dose, and duration of corticosteroids varied fairly
widely across trials, there was no evidence for significant incon-
sistency in the results. Although it appears that corticosteroids
have no effect on mortality in trauma patients, the impreci-
sion of pooled results does not allow exclusion of a potential
for benefit or harm from corticosteroid therapy. The task force
members judged the overall quality of evidence for this ques-
tion as low. Given the potential for clinically important side
effects with treatment, the task force made a conditional rec-
ommendation against corticosteroids for major trauma until
further data are available supporting its use.
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