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Background & Aims: Hepatic enzymes play a major role in the metabolic elimination of cortisol, and reduced rates of cortisol
clearance have been consistently observed in patients with chronic liver disease. It is less clear whether there are concomitant
abnormalities of adrenocortical function in patients with cirrhosis. In the present study, we sought to assess adrenocortical
function in patients with cirrhosis using measures of free cortisol appearance and elimination rates that are independent of
serum concentrations of cortisol binding proteins.
Methods: Post hoc analysis used computer-assisted numerical and modelling methods with serial total and free cortisol
concentration data to obtain rates of free cortisol appearance and elimination. Rate parameters were obtained in 114 patients
with chronic liver disease, including Child-Pugh (CP) <−8 (n = 53) and CP >8 (n = 61).
Results: Maximal cortisol secretion rate (CSRmax) was significantly decreased (p = 0.01) in patients with cirrhosis with CP >8
(0.28 nM/s; 95% CI 0.24–0.34) compared with those with CP <−8 (0.39 nM/s; 95% CI 0.33–0.46), and CSRmax was negatively
correlated with CP score (r = −0.19, p = 0.01). Free cortisol elimination rate was significantly (p = 0.04) decreased in the CP >8
group (0.16 ± 0.20 min−1) compared with that in the CP <−8 group (0.21 ± 0.21 min−1), and free cortisol elimination rates were
negatively correlated with CP score (r = −0.23, p = 0.01). A significant correlation between CSRmax and free cortisol elimination
rate (r = 0.88, p <0.001) was observed.
Conclusions: CSRmax and free cortisol elimination rates were significantly reduced according to severity of cirrhosis. In
contrast to stimulated total cortisol concentrations, CSRmax estimates were independent of cortisol-binding protein con-
centrations. Results provide additional evidence of subnormal adrenocortical function in patients with cirrhosis.
Lay summary:We applied numerical analytic methods to characterise adrenocortical function in patients with varying stages
of chronic liver disease. We found that patients with more severe cirrhosis have decreased rate of free cortisol elimination and
decreased maximal cortisol secretion rate, which is a measure of adrenocortical function. In contrast to conventional mea-
sures of adrenocortical function, those obtained using numerical methods were not affected by variation in corticosteroid
binding globulin and albumin concentrations. We conclude that patients with cirrhosis demonstrate measurable abnor-
malities of adrenocortical function, evidence of which supports aspects of the hepatoadrenal syndrome hypothesis.
Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
Enzymes expressed in the liver play a primary role in the
metabolic elimination of cortisol, and cirrhosis has served as a
clinical model for reduced rates of cortisol clearance.1–4 The
experimental evidence for a concomitant association between
severity of chronic liver disease and clinically relevant abnor-
malities of adrenocortical function is less clear and, thus, remains
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a hypothesis. One interpretation of the hepatoadrenal syndrome
hypothesis is that chronic liver disease leads to associated,
chronic alterations in regulatory and functional relationships of
the hypothalamic–pituitary–adrenal (HPA) axis.2,5,6 A corollary
hypothesis is that these alterations may in turn affect adreno-
cortical function among patients with chronic liver disease that
reduce their ability to achieve or sustain the adaptive increase in
cortisol secretion rate (CSR), which occurs as part of the normal
physiological response to critical illness in otherwise euadrenal
persons without cirrhosis.7

Many reports in the literature suggest a high prevalence of
adrenal insufficiency (AI) in patients with chronic liver dis-
ease.8–10 However, assessment of adrenocortical function in pa-
tients with cirrhosis is complicated by several factors, including
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lower serum concentrations of corticosteroid-binding globulin
(CBG) and albumin,10,11 abnormalities of hepatic protein glyco-
sylation that may influence CBG binding affinity,12 and decreased
rates of cortisol clearance.2,5 The importance of high-affinity,
reversible binding of cortisol to CBG as a determinant of total
cortisol concentrations has been consistently observed in studies
using a diversity of experimental methods.13–15 It follows that
application of cut scores for stimulated total cortisol concentra-
tions developed in reference populations having normal distri-
butions of CBG and albumin concentrations will lead to false-
positive results when applied to patient populations having
decreased levels of CBG and albumin,16–19 including cirrhosis and
critical illness. Several studies suggest that measurements of
stimulated serum -free or salivary cortisol concentrations provide
a more accurate measure of adrenocortical functional in patients
with cirrhosis when compared with those of total cortisol.20–22 In
the future, pending clinical standardisation and validation of cut
scores,23 such tests may prove useful in the evaluation of adre-
nocortical function in patients with chronic liver disease.

Adrenocortical function has also been evaluated using higher-
order research methodologies that are independent of or adjust
for variation in CBG and albumin concentrations. These include
(i) stable isotope dilution methodology6,24 and (ii) estimation of
free cortisol appearance and elimination rates using numerical
methods.25,26 Compared with controls, cortisol production rates
(CPRs) obtained by stable isotope dilution have been reported to
be normal27,28 or decreased2,6,29 in patients with cirrhosis. Free
cortisol appearance and elimination rates obtained using nu-
merical methods have been characterised in healthy con-
trols,25,26 as well as in patients with critical illness,30,31

secondary AI (SAI),15 sepsis, and septic shock,7,30 but not, to our
knowledge, in patients with chronic liver disease. A useful
measure of adrenocortical function obtained using numerical
methods is the maximal cortisol secretion rate (CSRmax), defined
as the CSR that is obtained under conditions in which adreno-
corticotrophin (ACTH) concentrations exceed the threshold for
maximal adrenocortical stimulation.25,26 CSRmax is a key
parameter defining the non-linear relationship between ACTH
concentrations and CSR.7,15,25,26 When compared with that in
healthy controls,25,26 CSRmax is significantly decreased in patients
with primary AI (PAI) as well as (chronic) SAI.15,32,33

As evidence of subnormal adrenocortical function in patients
with cirrhosis is important to the development of the hepatoa-
drenal syndrome hypothesis, we sought in the present investi-
gation to further characterise adrenocortical function in patients
with cirrhosis using methodologies that combine computer-
assisted numerical and modelling analysis with experimental
manipulation of CSR by ACTH stimulation. The question of
whether adrenocortical function is ‘normal’ or ‘subnormal’
among patients with chronic liver disease is clinically relevant, as
evidence of subnormal adrenocortical function could affect
management decisions regarding corticosteroid replacement
therapy (CRT) and clinical outcomes specific to patients with
liver disease34,35 during episodes of acute illness commonly
observed in patients with cirrhosis.23
Patients and methods
Patients
The study population included patients without sepsis (n = 95)
and those with sepsis (n = 27). Laboratory methods, total and
JHEP Reports 2021
free cortisol assay characteristics, and ACTH1-24 stimulation
protocol have been previously reported by Thévenot et al.11 The
clinical study that generated data for this post hoc analysis was
conducted in accordance with guidelines of the 1975 Declaration
of Helsinki with institutional review committee approval,11 and
informed consent was obtained from all participants. Of the
original study participants, 7 patients with sepsis and 1 without
sepsis were excluded from further analysis because the total
cortisol increment above baseline during ACTH1-24 stimulation
was less than 3.2% (see Supplementary data).

Estimation of CSRmax and free cortisol elimination rates
CSRmax and free cortisol elimination rates were obtained by
computer-assisted numerical analysis using a dynamic 3-
compartment model. Free cortisol appearance and elimination
rates were obtained by an iterative least squares solution of 3
simultaneous, non-linear differential equations as previously
described.7,15,25,26 Additional methodological details for obtain-
ing free cortisol appearance and elimination rate parameters are
described in the Supplementary data. Basal (unstimulated) CSR
(CSRbase) was estimated as previously described.7

Statistical analysis
Descriptive data are reported as mean and SD. CSRmax was log-
transformed to symmetrise the data distribution and reported
by inverse transformation to geometric mean and asymmetric
95% CIs. To express the distribution of free cortisol elimination
rate (a) in terms of free cortisol half-life, the half-life distribution
is reported as median and IQR. Comparisons between the groups
with mild and severe liver disease were done using a t test,
where severity of liver disease was stratified by Child-Pugh (CP)
score <−8 (mild, n = 53) or >8 (severe, n = 61) as previously
described.36 The group with severe cirrhosis included patients
with (n = 20) and without (n = 41) concomitant sepsis. Com-
parisons between the CP groups were done using ANOVA with
Fisher’s least significant difference method of post hoc pairwise
comparisons. Correlations were evaluated using Pearson (r)
correlation. To determine whether the effects of disease severity
were driven by inclusion of patients with sepsis, CSRmax and free
cortisol elimination rates and related correlations were analysed
both with and without inclusion of patients with sepsis. Pre-
dictors of D-cortisol (increment between total cortisol concen-
trations at baseline and 60 min post-ACTH1-24) were analysed in
the multivariate context using standardised beta (STB) analysis.
STB is a unitless measure equal to the SD of the outcome variable
(y, D-cortisol) multiplied by the multivariate regression coeffi-
cient (b) and divided by the SD of the predictor variable (x).15
Results
Participants
Baseline characteristics of the study population (n = 114) strati-
fied by CP letter as well as sepsis are shown in Table 1. Results
were similar to those previously reported by Thévenot et al.11

with significant differences between clinical groups for various
measures including concentrations of CBG, albumin, and both
total and free cortisol. The characteristics and cortisol concen-
tration data for patients excluded from the analysis (n = 8) are
reported in the Supplementary data.
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Fig. 1. CSRmax by severity of liver disease. (A) CSRmax (nmol/L/s) for patients
grouped according to Child-Pugh score <−8 or >8. (B) CSRmax (nmol/L/s) by CP
letter (A–C) as well as the group having sepsis and CP score >8. Data presented
are geometric mean and 95% confidence interval. §p = 0.06 (t test). *p <0.01
compared with CP A (ANOVA with Fisher’s least significant difference method
for pairwise comparisons). CP, Child-Pugh; CSRmax, maximal cortisol secretion
rate.

Table 1. Baseline characteristics of the 114 study patients according to severity of liver disease.

Characteristic Child-Pugh A (n = 34) Child-Pugh B (n = 29) Child-Pugh C (n = 31) Child-Pugh >8 and sepsis (n = 20) p value*

Age (year) 59.1 ± 7.9 61.7 ± 11.2 55.5 ± 9.4 58.0 ± 10.8 0.10
Sex, n (%) 0.77

Male 25 (73.5) 20 (69) 19 (61.3) 14 (70)
Female 9 (26.5) 9 (31) 12 (38.7) 6 (30)

BMI (kg/m2) 27.0 ± 4.8 26.7 ± 5.4 24.9 ± 5.2 25.1 ± 5.6 0.28
CBG (mg/L) 45.5 ± 12.6 37.7 ± 10.4 26.6 ± 8.66 29.5 ± 14.4 <0.001
Albumin (g/dl) 3.7 ± 0.5 2.7 ± 0.5 2.4 ± 0.5 2.7 ± 0.7 <0.001
Baseline total cortisol (lg/dl) 15.5 ± 7.4 12.0 ± 4.9 11.7 ± 7.6 17.2 ± 7.3 0.01
Baseline free cortisol (lg/dl) 1.5 ± 0.9 1.5 ± 1.0 2.0 ± 1.4 3.5 ± 2.2 <0.001
MELD score 10.0 ± 3.3 14.9 ± 4.1 23.9 ± 6.3 24.1 ± 6.9 <0.001
Total bilirubin (mg/dl) 1.1 ± 0.5 3.3 ± 4.7 9.4 ± 9.1 8.2 ± 5.8 <0.001
INR 1.2 ± 0.2 1.6 ± 0.3 2.5 ± 1.0 2.4 ± 0.8 <0.001
Prothrombin (s) 72 ± 6.5 64.7 ± 7.6 59.8 ±8.7 60.0 ± 8.4 <0.001
Creatinine (mg/dl) 0.9 ± 0.2 0.9 ± 0.4 0.9 ± 0.4 1.1 ± 0.6`` 0.34
CRP (mg/L) 6.6 ± 7.7 17.0 ± 16.4 23.2 ± 22.9 55.6 ± 31.2 <0.001
Total cholesterol (mg/dl) 65.6 ± 15.4 50.2 ± 15.4 46.3 ± 23.2 34.7 ± 15.4 <0.001
HDL (mg/dl) 15.4 ± 7.7 15.4 ± 7.7 7.7 ± 3.9 7.7 ± 3.9 <0.001

Data are presented as mean ± SD. CBG, corticosteroid-binding globulin; CRP, C-reactive protein; INR, international normalised ratio; MELD, model for end-stage liver disease.
*By analysis of variance.
Role of cortisol-binding protein concentrations on measures
of adrenocortical function
The dependence of stimulated total cortisol concentrations on
CBG concentration was confirmed by our finding of a significant
positive correlation between CBG and stimulated cortisol levels
in both the groups with mild (r = 0.58, p <0.001, for 30 min and
r = 0.44, p = 0.001, for 60 min post-ACTH1-24) and severe (r = 0.46,
p = 0.003, for 30 min and r = 0.51, p <0.001, for 60 min post-
ACTH1-24) cirrhosis. Albumin concentrations were also signifi-
cantly correlated with stimulated cortisol concentrations in pa-
tients with mild cirrhosis (r = 0.43, p = 0.001, for 30 min and r =
0.42, p = 0.002, for 60 min post-ACTH1-24), By contrast, CSR es-
timates were independent of serum-binding protein concentra-
tions, as confirmed by lack of significant correlations between
CBG levels and CSRmax in both the groups with mild and severe
cirrhosis. Similarly, no significant correlations between albumin
concentration and CSRmax were observed in either of the groups
with mild or severe cirrhosis.

Maximal cortisol secretion rate according to severity of
cirrhosis
As shown in Fig. 1A, there was a trend toward significance (p =
0.06) for higher CSRmax in the group with mild liver disease (0.39
nM/s; 95% CI 0.33–0.46) compared with the group with severe
liver disease (0.31 nM/s; 95% CI 0.26–0.37). When patients with
sepsis were excluded from the analysis, CSRmax was significantly
decreased (p = 0.01) in the group with severe liver disease (0.28
nM/s; 95% CI 0.24–0.34). ANOVA also demonstrated significant
differences between CP groups (p = 0.02). As shown in Fig. 1B,
CSRmax was significantly decreased in CP B (0.29 nM/s; 95% CI
0.24–0.35) and C (0.29 nM/s; 95% CI 0.23–0.36) compared with
that in CP A (0.44 nM/s; 95% CI 0.35–0.55) (p <0.01 for both
comparisons). CSRmax did not differ significantly between pa-
tients with severe cirrhosis and with or without concomitant
sepsis. As well, CSRmax in patients with concomitant sepsis was
not significantly different compared with CP groups A–C
(Fig. 1B).

We also observed a significant negative correlation between
CP score and CSRmax (r = −0.19, p = 0.01). As shown in Table 2, this
correlation was not driven by patients with sepsis, as the nega-
tive correlation between disease severity (CP) and CSRmax

remained significant when patients with sepsis were excluded.
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Free cortisol elimination rate in relation to severity of
cirrhosis
As shown in Fig. 2A, free cortisol elimination rate constant (a)
was significantly (p = 0.04) reduced in the group with severe
cirrhosis (0.16 ± 0.2 min−1) than in the group with mild cirrhosis
(0.21 ± 0.21 min−1). As a is inversely related to free cortisol half-
life, these elimination constants correspond to median free
cortisol half-lives of 8.2 min (IQR 3.6–18.9) in the group with
severe cirrhosis and 5.0 min (IQR 2.2–11.1) in the group with
mild cirrhosis. Free cortisol elimination rate remained signifi-
cantly decreased (p = 0.03) in severe vs. mild liver disease when
patients with sepsis were excluded from the analysis (data not
shown). Free cortisol elimination rates by CP score (Fig. 2B) were
significantly different by ANOVA (p = 0.04), with free cortisol
elimination rates significantly reduced in CP groups B and C than
in CP group A (p = 0.03 for both comparisons). The free cortisol
elimination rate in the group with sepsis was not significantly
different from that in the CP groups A–C (Fig. 2B). As shown in
3vol. 3 j 100277
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Fig. 2. Free cortisol elimination rate constant by severity of liver disease.
Free cortisol elimination rate constant (a, min-1) by (A) CP <−8 or >8 and (B) CP
classification A–C and sepsis. Data presented are mean and SEM. §p = 0.04 CP
<−8 vs. >8 (t test). *p = 0.03 compared with CP A (ANOVA with Fisher’s least
significant method for pairwise comparisons). CP, Child-Pugh.

Table 2. Correlations between CSRmax and markers of liver disease severity.

Correlation with CSRmax (r) p value

All patients (n = 114)
Child-Pugh score −0.19 0.01
MELD −0.16 0.10
HDL 0.14 0.04
Total cholesterol 0.12 0.20
CRP 0.33 <0.01
Creatinine 0.11 0.26
Free cortisol half-life −0.88 <0.01

Patients without sepsis (n = 94)
Child-Pugh score −0.29 <0.01
MELD −0.14 0.17
HDL 0.23 0.03
Total cholesterol 0.20 0.05
CRP 0.10 0.33
Creatinine 0.16 0.13
Free cortisol half-life −0.88 <0.01

CRP, C-reactive protein; CSRmax, maximal cortisol secretion rate; MELD, model for
end-stage liver disease.

Table 3. Correlations between free cortisol elimination rate (a) and
markers of liver disease severity.

Correlation with free cortisol
elimination rate constant a (r)

p value

All patients (n = 114)
Child-Pugh score −0.23 0.01
MELD −0.15 0.12
Albumin 0.22 0.02
INR −0.13 0.18
Prothrombin 0.25 0.01
Total bilirubin −0.12 0.09
Creatinine 0.10 0.30

Patients without sepsis (n = 94)
Child-Pugh score −0.21 0.04
MELD −0.08 0.44
Albumin 0.22 0.03
INR −0.05 0.61
Prothrombin 0.24 0.02
Total bilirubin −0.09 0.38
Creatinine −0.11 0.28

INR, international normalised ratio; MELD, model for end-stage liver disease.
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Table 3, we also observed a significant, negative correlation be-
tween CP score and free cortisol elimination rate (r = −0.23, p =
0.01). This correlation remained significant when patients with
sepsis were excluded from the analysis (Table 3). Although al-
bumin concentration and prothrombin time were significantly
correlated with free cortisol half-life, correlations with several
other measures of severity of cirrhosis, including model for end-
stage liver disease score, were not significant (Table 3).
Relationship between free cortisol elimination rate and
CSRmax

We examined several potential factors contributing to decreased
CSRmax in patients with more severe cirrhosis. As shown in
Table 2, there was a significant positive correlation between HDL
concentration and CSRmax in patients with and without
concomitant sepsis. We also observed a significant correlation
between C-reactive protein (CRP) concentration and CSRmax.

However, this association appeared to be driven by the inclusion
of patients with sepsis, as the correlation between CRP and
CSRmax was no longer significant when patients with sepsis were
excluded from the analysis (Table 2). We also observed a
JHEP Reports 2021
significant positive correlation between free cortisol elimination
rate constant (a) and CSRmax (r = 0.88, p <0.01), shown in Fig. 3.
This correlation was not driven by inclusion of septic patients, as
it remained significant and similar when septic patients with
cirrhosis were excluded from the analysis (Table 2).

Predictors of D-cortisol
In several studies, including the randomised clinical trial (RCT) of
CRT vs. placebo in patients with cirrhosis and with sepsis and
septic shock reported by Arabi et al.,34 a D-cortisol (ACTH-stim-
ulated increment in total cortisol concentration above baseline)
<248 nmol/L was associated with haemodynamic response to
CRT. We performed a multivariate analysis to determine which
predictor variables influence D-cortisol. As shown in STB analysis
(Table 4), several predictor variables were significantly correlated
with D-cortisol in our study population. For example, an STB of
−0.55 means that a 1 SD increase in baseline CSR (as percent of
maximum) results in a 0.55 SD decrease in D-cortisol and a 1 SD
increase in CBG concentration results in a corresponding in-
crease of 0.19 SD in D-cortisol.
4vol. 3 j 100277



Table 4. STB for D-cortisol vs. predictors.

Predictor variable STB p value*

Baseline CSR (% CSRmax) −0.55 <0.001
Albumin concentration 0.31 <0.001
CBG concentration 0.19 0.01
Free cortisol half-life 0.19 0.03

D-cortisol is defined as the total cortisol concentration 60 min post-ACTH1-24 (250 lg)
minus baseline total cortisol concentration (at time zero). ACTH, adrenocorticotro-
phin; CBG, corticosteroid-binding globulin; CSR, cortisol secretion rate; CSRmax,
maximal CSR; STB, standardised beta. *By Wald’s test.
Discussion
Our finding that ACTH-stimulated total cortisol concentrations
were significantly and positively correlated with CBG in both
mild and severe cirrhosis groups highlight the potential for error
in using stimulated total cortisol concentrations to assess adre-
nocortical function. This is especially a concern in patient pop-
ulations such as chronic liver disease where variability of CBG
and albumin concentrations is increased.8,11,19,21 By contrast,
CSRmax was independent of CBG and albumin concentrations. As
CSRmax is a particularly useful measure of adrenocortical func-
tion,7,15,25,26 our principal finding of decreased CSRmax in patients
with more severe cirrhosis supports the hepatoadrenal syn-
drome hypothesis. These observations suggest that chronic liver
disease is indeed associated with abnormalities of adrenocortical
function that are not simply a result of variability in the distri-
butions of CBG and albumin concentrations and their cognate
effects on stimulated total cortisol concentration.1,2,4,37,38

We also observed that the rate of free cortisol elimination was
reduced in patients with more severe degrees of chronic liver
disease, which is consistent with previous reports of reduced
cortisol metabolic clearance rate (MCR) and longer cortisol half-
life in patients with cirrhosis.1,5,29 The mechanism of impaired
metabolic elimination of free cortisol in patients with cirrhosis
appears to be related to decreased activity of hepatic A-ring re-
ductases (5-a- and 5-b-reductase)2,3,39 as well as decreased he-
patic blood flow.5 A similar mechanism involving reduced
expression and activity of 5-a-reductase and 5-b-reductase, as
well as decreased 11-b-hydroxysteroid dehydrogenase 2 (11-
HSD-2) activity, has been linked to reduced MCRs of cortisol in
patients without cirrhosis but with critical illness and sepsis.24 In
that study, measures of A-ring reductase activities were inversely
related to serum levels of total bile acids,24 suggesting a putative
mechanism or indicator of impaired metabolic elimination of
cortisol that may be applicable as well to patients with chronic
liver disease. We did not measure serum bile acid concentrations
in the present study, but bile acid concentrations were reported
to be increased according to severity of chronic liver disease in
previous studies.40,41

Considering the mechanism for decreased CSRmax in chronic
liver disease, in both animal and human studies,4,37,42 it was
indicated that conditions associated with decreased rates of
cortisol clearance can result in a secondary compensatory
reduction in CSR. The reduction in baseline rates of cortisol
production in patients with cirrhosis is viewed as adaptive, as
under conditions where rates of free cortisol elimination are
diminished, commensurately lower rates of cortisol secretion are
needed to achieve comparable free cortisol concentrations.1–3,38

Our observation of a significant positive correlation between
free cortisol elimination rate constant and CSRmax (Fig. 3) is also
consistent with studies in critically ill patients with cirrhosis,
suggesting that reduced rates of cortisol clearance may have a
JHEP Reports 2021
causal role in the adaptive reduction in cortisol secretory ca-
pacity.24 Hypothyroidism is another example of HPA axis adap-
tation to chronically decreased rates of cortisol clearance in
which adrenocortical hypofunction has been well documented.43

For example, CRT is recommended during treatment of myx-
oedema coma, as thyroid hormone replacement therapy in this
setting results in rapid normalisation of cortisol MCR, whereas
the compensatory increase in cortisol secretion may lag.44

Other potential mechanisms for adrenocortical function ab-
normalities in patients with cirrhosis have been proposed in the
literature.45 These include decreased HDL concentrations,
potentially impacting delivery of the steroidogenic precursor
cholesterol to adrenocortical cells.23,46,47 Our finding of a positive
correlation between HDL concentrations and CSRmax (Table 2) is
consistent with previous reports suggesting this possibil-
ity.23,46,47 There is also evidence that cytokines and other me-
diators of inflammation may affect ACTH receptor expression as
well as the dose–response relationship between ACTH concen-
tration and CSR.8,24 A similar shift in the dose–response rela-
tionship between ACTH concentration and CSR has been
observed as well in patients with SAI.15 In the present study, our
finding that the association between CRP and CSRmax was driven
by higher CRP concentrations in the group with sepsis is
consistent with other reports of increased CSR in sepsis.7,24

In the present study, we observed CSRmax of 0.28 nM/s (95% CI
0.24–0.34) in patients with severe cirrhosis (sepsis excluded),
which is intermediate to levels previously reported in healthy
controls (0.44 nM/s) and patients with SAI (0.17 nM/s).15,25

Although we did not measure ACTH concentrations in the cur-
rent study, significant reductions in plasma ACTH concentrations
in more severe stages of cirrhosis have been previously re-
ported48 and ACTH concentrations were not elevated in patients
with acutely decompensated cirrhosis.23 These considerations,
including normal or low ACTH concentrations, modest rather
than marked decrease in CSRmax, and proposed pathogenesis
involving reduced cortisol clearance, favour classification of
adrenocortical function abnormalities associated with cirrhosis
as a form of SAI rather than PAI.15,32,33

In considering the potential clinical implications of adreno-
cortical function abnormalities and treatment effects of CRT in
patients with cirrhosis, it is useful to distinguish between alter-
ations in adrenocortical function that develop during chronic
liver failure in patients who are clinically stable and those that
develop acutely as a result of concomitant illness such as sepsis,
organ failure, and acute-on-chronic liver failure (ACLF). For
purposes of discussion, we use the term baseline adrenocortical
function to refer to integrated functionality of the HPA axis dur-
ing periods of clinical stability and absent concurrent critical
illness.

When patients with cirrhosis become acutely ill, multiple and
complex mechanisms affecting the HPA axis evidently occur, as
summarised in the concepts of critical illness-associated corti-
costeroid insufficiency (CIRCI).45,49 These HPA axis adaptations to
critical illness are likely applicable to both patients without and
with cirrhosis, but they are overlaid on different backgrounds of
baseline adrenocortical function that may result in differential
risk for cortisol deficiency and differential treatment effects of
CRT. Our finding of reduced CSRmax provides additional evidence
of subnormal baseline adrenocortical function in patients with
chronic liver disease. These observations support the clinically
relevant but as yet unproven proposition of the hepatoadrenal
syndrome hypothesis that patients with cirrhosis may be at
5vol. 3 j 100277
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greater risk for relative cortisol deficiency and experience
different treatment effects of CRT than may patients without
cirrhosis in comparable, defined clinical settings of critical
illness.

Arabi et al.34 conducted an RCT of CRT in patients with end-
stage liver disease and concurrent sepsis or septic shock, which
demonstrated significant, early benefit of CRT on important
clinical outcomes, including (i) shock reversal, (ii) norepineph-
rine infusion rate, and (iii) intra-abdominal pressure. However,
the study was considered a ‘negative clinical trial’ insofar as it
was discontinued prematurely owing to lack of benefit of CRT on
the primary study outcome (28-day mortality),34 which was
driven largely by recurrence of shock after cessation of CRT.
These considerations, in conjunction with the observation that
D-cortisol <248 nmol/L was a significant and robust predictor of
haemodynamic response to CRT, raise the possibility that a
common factor, intrinsic adrenal hypofunction, was responsible
for both the early, significant benefit of CRT and the later
recurrence of shock after cessation of CRT.34 Arabi et al.34 reached
a similar conclusion, stating ‘it is possible that relative adrenal
insufficiency is inherent in patients with cirrhosis and not a
temporary sepsis-related phenomenon’. An RCT assessing the
treatment effects of CRT in hospitalised patients with hypoten-
sion and cirrhosis is currently in progress (Supplemental Corti-
costeroids in Cirrhotic Hypotensive Patients With Suspicion of
Sepsis [SCOTCH], NCT 02602210), and such data are urgently
needed to better understand the role of CRT in patients with
cirrhosis during concomitant critical illness.

Interestingly, the cut score for D-cortisol (increment of total
cortisol above baseline 60 min after stimulation with ACTH1-24

0.25 mg) <248 nmol/L was developed in non-cirrhotic patients
with septic shock on the basis of its ability to predict treatment
effect of CRT on 28-day mortality.50 In hospitalised patients with
cirrhosis, relative adrenal insufficiency (RAI), defined by D-
cortisol <248 nmol/L, is commonly observed, and among patients
with ACLF, RAI was a significant and independent predictor of
90-day mortality.23 However, in studies of patients without
cirrhosis but with septic shock, the use of the D-cortisol
parameter for prediction of treatment effect of CRT is no longer
recommended precisely because of difficulty in reproducing the
finding in follow-on studies.51 As shown in our STB analysis
(Table 4), D-cortisol, as it applies to the study population with
cirrhosis, is a ‘composite’ measure influenced by several discrete
factors. The multivariate interaction between the various factors
that contribute to D-cortisol and the heterogeneity of their dis-
tributions in different study populations may account for the
observed variation in the ability of the D-cortisol parameter to
predict treatment effects of CRT across different clinical trials.52
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There are several limitations to our study, including absence
of a control group and post hoc analytic study design.11 The lack
of a control group necessitated primary comparisons between
more and less severe stages of chronic liver disease; historical
data were used for indirect comparisons between populations
with cirrhosis and control and SAI. As the analysis of cortisol
appearance and elimination rates was post hoc, the results
should be confirmed in follow-up investigations that include
control participants and a cortisol sampling schedule prospec-
tively designed for numerical and modelling analysis. An addi-
tional limitation is that the numerical method does not
distinguish adrenal vs. extra-adrenal contributions to cortisol
appearance rate.53 For example, in stable isotope dilution
studies, hepatic 11-HSD1-mediated reduction of cortisone was
identified as a source of extra-adrenal cortisol.54 Therefore, we
cannot exclude the possibility that our finding of subnormal
levels of CSRmax in patients with cirrhosis was, in part, attribut-
able to reduced hepatic 11-HSD1 activity.

The exclusion of a significant proportion (7/27, 26%) of pa-
tients with concomitant sepsis from our analysis was a potential
source of selection bias. If the excluded patients were the sickest,
as suggested by significantly higher baseline total cortisol con-
centrations (see Supplementary data), this selection bias may
have contributed to underestimation of severity of adrenocor-
tical hypofunction in patients with cirrhosis and concomitant
sepsis and limited generalisability of our data in the group with
sepsis.

In summary, we conclude that (i) CSRmax is significantly
reduced in patients having more severe cirrhosis, (ii) free cortisol
elimination rate is significantly decreased in patients with more
severe cirrhosis, (iii) CSRmax obtained using numerical methods
provides a measure of adrenocortical function that is indepen-
dent of variation in cortisol-binding protein concentrations,
whereas both stimulated total cortisol and D-cortisol were
affected by variation in CBG and albumin concentrations, and (iv)
D-cortisol, historically applied in the definition of RAI, is a
composite endpoint influenced by several identifiable and
measurable prediction variables, potentially limiting its speci-
ficity as a measure of adrenocortical hypofunction. Our results
suggest that the pre-test probability of subnormal baseline
adrenocortical function is higher in patients with cirrhosis and
higher still in patients with more severe manifestations of
chronic liver disease. It remains to be determined, preferably on
the basis of well-powered RCT studies like those recently
completed for patients without cirrhosis but with septic
shock,35,51 whether CRT has a useful role in the management of
patients with cirrhosis during episodes of acute clinical decom-
pensation and critical illness.
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