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Abstract

Rationale: Steroid profiles in combination with a corticotropin stimulation test provide information about steroido-
genesis and its functional reserves in critically ill patients.

Objectives: We investigated whether steroid profiles before and after corticotropin stimulation can predict the risk of
in-hospital death in sepsis.

Methods: An exploratory data analysis of a double blind, randomized trial in sepsis (HYPRESS [HYdrocortisone for
PRevention of Septic Shock]) was performed. The trial included adult patients with sepsis who were not in shock and
were randomly assigned to placebo or hydrocortisone treatment. Corticotropin tests were performed in patients prior
to randomization and in healthy subjects. Cortisol and precursors of glucocorticoids (17-OH-progesterone, 11-des-
oxycortisol) and mineralocorticoids (11-desoxycorticosterone, corticosterone) were analyzed using the multi-analyte
stable isotope dilution method (LC-MS/MS). Measurement results from healthy subjects were used to determine
reference ranges, and those from placebo patients to predict in-hospital mortality.

Measurements and main results: Corticotropin tests from 180 patients and 20 volunteers were included. Com-
pared to healthy subjects, patients with sepsis had elevated levels of 11-desoxycorticosterone and 11-desoxycortisol,
consistent with activation of both glucocorticoid and mineralocorticoid pathways. After stimulation with corticotro-
pin, the cortisol response was subnormal in 12% and the corticosterone response in 50% of sepsis patients. In placebo
patients (n=90), a corticotropin-stimulated cortisol-to-corticosterone ratio > 32.2 predicted in-hospital mortality (AUC
0.8 C10.70-0.88; sensitivity 83%; and specificity 78%). This ratio also predicted risk of shock development and 90-day
mortality.

Conclusions: In this exploratory analysis, we found that in sepsis mineralocorticoid steroidogenesis was more
frequently impaired than glucocorticoid steroidogenesis. The corticotropin-stimulated cortisol-to-corticosterone ratio
predicts the risk of in-hospital death.

Trial registration Clinical trial registered with www.clinicaltrials.gov Identifier: NCT00670254. Registered 1 May 2008,
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*Correspondence: josef.briegel@med.Imu.de

! Department of Anesthesiology, University Hospital, LMU Munich, Munich,
Germany
Full list of author information is available at the end of the article

©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://www.clinicaltrials.gov
https://clinicaltrials.gov/ct2/show/NCT00670254
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13054-022-04224-5&domain=pdf

Briegel et al. Critical Care (2022) 26:343

Page 2 of 10

[ Keywords: Sepsis, Shock, Septic, Steroids, Mass spectrometry, Corticosterone, Hydrocortisone, Hospital mortality j

Introduction

Adequate activation of the hypothalamic—pituitary—
adrenal axis (HPA axis) is paramount to respond
appropriately to severe infections and sepsis [1]. The
corticotropin test has long been proposed to assess the
adrenocortical reserve and to prognosticate mortal-
ity in septic shock [2]. In sepsis, the changes in steroid
metabolism can affect the function of the HPA axis
in very complex and time-dependent ways [3]. Sev-
eral studies demonstrated an inflammatory mediator-
mediated decreased corticotropin synthesis, prolonged
metabolism of corticosteroids, increased volume of dis-
tribution for corticosteroids, altered steroid delivery to
the tissues, and decreased tissue sensitivity to steroids
in sepsis [1, 3-6].

Many of the studies on sepsis focus on cortisol as the
main active corticosteroid in humans. Van den Berghe
and co-workers showed that cortisol levels in sepsis
depend on corticotropin-driven adrenal secretion only
in the hyperacute phase, thereafter more on delayed
cortisol degradation, an increased volume of distribu-
tion, and the extent of peripheral metabolism, i.e., inac-
tivation to cortisone or reactivation from cortisone via
11 beta-hydroxysteroid dehydrogenase (11B-HSD) [3,
5-10]. Cortisol, as the classic readout of the corticotro-
pin test, can therefore be altered by various conditions,
in particular by an increased volume of distribution, as
typically occurs in sepsis [3, 5, 11].

It is known from long-standing studies that corti-
cotropin not only stimulates the synthesis and release
of cortisol, but also activates the mineralocorticoid
pathway. Although the hormone aldosterone is pre-
dominantly controlled by renin and angiotensin, the
synthesis of its precursor corticosterone is exclusively
triggered by corticotropin [12, 13]. It has been sug-
gested that the adequate amount of corticosterone may
play a central role at this interface of two endocrine
regulatory circuits, especially in critical illness [14].

In a study in healthy volunteers, we showed that
serum corticosterone exhibits a highly dynamic
response after stimulation with corticotropin and
appears to be a very sensitive biochemical marker of
stress [15]. Therefore, the corticotropin-stimulated
response of corticosterone, the precursor of aldoster-
one, may be of interest in critically ill patients, espe-
cially in patients at the onset of sepsis.

We hypothesized that corticotropin-stimulated ster-
oid profiles could predict various endpoints typically
chosen in sepsis studies. For this reason, we undertook

an exploratory analysis of stimulated steroid profiles in
patients with sepsis not being in shock in comparison
with healthy individuals. In particular, we investigated
metabolites of glucocorticoid and mineralocorticoid
pathways in predicting the in-hospital mortality. For
this purpose, we used data and samples from healthy
volunteers and the HYPRESS trial, from which the cen-
tral laboratory of the LMU Munich provided the meas-
ured values of the corticotropin tests [16].

Methods

The HYdrocortisone for PRevention of Septic Shock
(HYPRESS) study was an investigator-initiated, mul-
ticenter, placebo-controlled, double-blind RCT sup-
ported by the German Federal Ministry of Education and
Research [16]. The responsible ethics committees of all 34
participating sites approved the protocol. Corticotropin
testing was part of the protocol prior to randomization
with samples taken before and 60 min after administra-
tion of 250 pg of corticotropin (Synacthen®) [16]. To
avoid possible inter-assay variations, all measurements of
cortisol were done in one laboratory at the Department
of Laboratory Medicine, Klinikum der Ludwig-Maximil-
ians-Universitdt, Munich, Germany [17]. Multi-analyte,
stable isotope-dilution LC-MS/MS method was used
for measurement of cortisol. In addition to cortisol, the
simultaneous measurement of glucocorticoid and min-
eralocorticoid precursors and metabolites (i.e., 11-des-
oxycorticosterone, corticosterone, 17-OH-progesterone,
11-desoxycortisol, and cortisone, see Fig. 1) was per-
formed using this reference method [18]. The steroid
profile of healthy subjects before and after corticotropin
stimulation served as a control and to determine the ref-
erence range of the steroids studied. The ethical commit-
tee of LMU Munich (No. 84-15) approved this part of the
study. Further details including the LC-MS/MS method
can be found in [15].

The sepsis study cohort included patients with severe
sepsis without shock who met the appropriate inclu-
sion criteria of the HYPRESS trial [16]. For analy-
sis of steroid profiles, patients were excluded if they
had received steroids or etomidate, which are known
to interfere with adrenal steroidogenesis, in the days
before enrollment in the study. The clinical data of
the HYPRESS trial were submitted in pseudonymized
form by the Clinical Trial Centre (ZKS) Leipzig (H.
Bogatsch). These included baseline variables like age,
sex, SAPS and SOFA score, lactate, type of underly-
ing infection, type of organ dysfunction, and outcome
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Fig. 1 Outline of the mineralocorticoid and glucocorticoid pathways in steroidogenesis. Corticotropin boosts steroidogenesis including precursors
of mineralocorticoids. Aldosterone secretion is predominantly controlled by the renin-angiotensin system. The analyzed corticosteroids are shown

variables such as in-hospital mortality, mortality at dif-
ferent time points (day 28, 90, 180), and development
of septic shock within 14 days (primary endpoint of the
HYPRESS trial).

The aim of this exploratory analysis was to compare
the activation of glucocorticoid and mineralocorticoid
pathways in healthy individuals vs. patients in sep-
sis without shock. In addition to the classical readout
of the corticotropin test, additional steroids and pre-
cursors were investigated simultaneously with regard
to their prognostic value at baseline and 60 min after
stimulation with corticotropin. Since we could previ-
ously show that the dynamics of serum corticosterone
after stimulation with corticotropin seems to be a very
sensitive biochemical stress marker, the prognostic
value of this marker was analyzed in combination with
cortisol, the classical readout of the corticotropin test
[15]. The outcome analysis of in-hospital mortality was
performed using only the steroid profiles of patients in
the placebo group, with the assumption that treatment
with hydrocortisone could alter a patient’s individual
outcome in either direction (improved or worsened
survival).

Statistical analysis

The cohorts for descriptive analysis of steroid profiles
consisted of patients with sepsis from both treatment
groups (placebo and hydrocortisone) and healthy indi-
viduals. The sepsis cohort for the outcome analysis
came exclusively from the placebo group. We com-
pared steroid profiles in patients who were discharged
from hospital or who died in hospital with steroid
profiles in healthy individuals. Data of the groups are
shown as box-and-whisker plots with median, 1 and
3rd quartiles, range, and possible extreme values and
were analyzed by Kruskal-Wallis test with Conover
post hoc analysis. In order to compare the diagnostic
performance of the analyzed steroids or their precur-
sors, receiver operating characteristic (ROC) curves
with the outcome variable in-hospital mortality were
used. Kaplan—Meier survival plots were constructed
to examine stratification by prognostic marker cutoffs
for development of septic shock and 90-day survival in
both groups (placebo and hydrocortisone). The statis-
tical analysis was done using MedCalc Statistical Soft-
ware Version 20.0008 (MedCalc Software BV, Belgium;
https://www.medcalc.org; 2021).
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Table 1 Characteristics of healthy individuals and patients with
severe sepsis

Characteristic Healthy Ind Sepsis Placebo Sepsis Steroid

Male, No. (%)/total No  10/20 (50) 53/90 (59) 60/90 (67)
Age, mean (SD), y 33.1(9.9)* 629 (15.7) 64.3 (14.7)
Focus of primary infection, No./total No. (%)
Known focus n.a 76/90 (84) 83/90 (92)
Pneumonia n.a 36/90 (40) 28/90 (31)
Intraabdominal na 2/90 (2.2) 6/90 (6.7)
infection
Urogenital n.a 12/90 (13) 14/90 (16)
Other infection n.a 26/90 (29) 35/90 (39)
Organ dysfunction, No./total No. (%)
Central nervous n.a 21/90 (23) 17/90 (19)
system
Respiratory na 59/90 (66) 59/90 (66)
Renal n.a 41/90 (46) 41/90 (46)
Microcirculatory n.a 14/90 (16) 24/90 (27)
Coagulation n.a 15/90 (16) 22/90 (24)
SOFA score, mean n.a 6.0 (2.3) 6.4 (2.5)
(SD)
SAPS Il score, mean  n.a 50.9 (9.7) 52.7(14.7)
(SD)
Outcome
Septic Shock, No./ n.a 18/90 (20) 18/90 (20)
total
No. (%)
Mortality, No./total n.a 12/90 (13) 10/89 (11)
No. (%) in-hospital
Mortality, No./total n.a 8/88 (9.1) 8/90 (8.9)
No. (%) 28 day
Mortality, No./total n.a 15/86 (17) 17/89 (19)

No. (%) 90 day

*p <0.05 Kruskal-Wallis test (H test) and post hoc test Conover or Mann-Whitney
U tests, respectively
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The study plan and preliminary results of this explora-
tory analysis were presented at two internal meetings of
the SepNet Critical Care Trials Group, which conducted
the HYPRESS Trial.

Results

Corticotropin tests were performed in 206 patients with
sepsis without shock [16]. Patients who had received eto-
midate (n=13) or exogenous steroids (n=12) prior to
enrollment were excluded from this analysis. A patient’s
corticotropin test, which showed no changes in all ana-
lytes, was also excluded due to a suspected error in the
test procedure. The cohort under investigation consisted
of 180 patients with severe sepsis (67 females) and 20
healthy volunteers (10 females). The characteristics of the
cohorts are shown in Table 1.

Sepsis patients were older than the cohort of healthy
individuals was. In the sepsis cohort, 90 patients were
treated with hydrocortisone and 90 patients with pla-
cebo after the corticotropin test. There was no signifi-
cant difference in the clinical data and the steroid profiles
between placebo and hydrocortisone allocation. Thirty-
six patients developed septic shock until day 14 and 16
patients died until day 28. In-hospital mortality was
reported to be 12% in 179 of 180 patients under study
(Table 1).

In healthy individuals, the steroid profile after cor-
ticotropin stimulation showed a variable and highly
dynamic response in all steroids and precursors under
analysis (see details in Fig. 1). In particular, the response
of serum corticosterone concentration to corticotropin
was highly dynamic with a 14.3-fold increase in healthy
subjects (Table 2) [15]. No differences regarding gender
were observed with the exception of 17-OH progester-
one being lower at baseline but not after corticotropin in
females.

Table 2 Corticotropin-stimulated steroid profiles in placebo patients with sepsis and healthy individuals: peak concentrations and

dynamic response to corticotropin

Sepsis Placebo Non-survivors (1=12) Sepsis Placebo survivors (n=78)

Healthy volunteers (n = 20)

Median Quartiles  x-fold increase Median Quartiles x-fold increase Median Quartiles x-fold increase
[ug/L]  [pg/L] [ug/L]  [pg/L] [ug/L]  [ug/L]
11-Desoxycorticos- 0.3 0.2-0.8 42 0.4* 0.2-0.9 6.8 0.2 0.1-0.3 8.1
terone
11-Desoxycortisol 4.6* 1.2-214 4.2 3.0% 1.6-6.3 6.2% 1.0 0.5-1.1 38
17-OH-Progesterone 2.2 0.8-34 43 1.8% 1.3-31 6.1* 14 1.0-2.0 19
Corticosterone 82*# 3.0-178 4.8%4# 184*+ 103-252 78+ 303 274-344 14.3
Cortisol 3282%  2223-4729 15 352.1%  281.6-447.1 19 2586 2449-269.3 2.1
Cortisone 16.9 15.1-213 1.2 17.6 13.7-222 1.1 19.5 17.6-20.5 1.0

The data are presented as medians, quartiles, and x-fold increases. * Different from healthy volunteers (p < 0.05); # different from sepsis survivors (p <0.05);

and + different from sepsis non-survivors (p <0.05)
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Compared to healthy individuals, patients with sep-
sis showed different steroid profiles. At baseline, there
were significantly increased levels of 11-desoxycorticos-
terone, 11-desoxycortisol, and cortisol but not corticos-
terone. Compared to healthy subjects, corticosterone at
baseline did not differ, and cortisone concentrations were
significantly lower. After stimulation with corticotropin,
patients with sepsis showed equal levels of the precur-
sor 17-OH progesterone and significantly higher levels of
11-desoxycortiosterone, 11-desoxycortisol, and cortisol
compared to healthy individuals. The increase in corti-
costerone, however, was significantly lower in patients
with sepsis compared to healthy individuals (Fig. 2).

Our comparisons of healthy individuals and patients
with severe sepsis showed that 50% of patients with sep-
sis (not in shock!) had a subnormal increase in corticos-
terone (ie., delta-corticosterone<17 pg/L, lower limit
in healthy subjects) to corticotropin, whereas only 12%
of the same cohort had a subnormal cortisol response
(i.e.,<60 pg/L, lower limit in healthy subjects).
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The outcome analysis (in-hospital mortality) of the pla-
cebo group showed that non-surviving sepsis patients
had significantly lower increases in corticosterone than
surviving sepsis patients, suggesting a greater impair-
ment of mineralocorticoid metabolism in non-survi-
vors. It should be noted that the corticotropin-induced
increase in 11-desoxycorticosterone did not result in a
corresponding increase in corticosterone, indicating an
impediment to this synthetic pathway of mineralocorti-
coid steroidogenesis (Table 2 and Fig. 3).

Corticosterone after corticotropin was found to have a
good prognostic ability for in-hospital mortality. In the
ROC analysis, an area under the curve of 0.73 (CI 0.62—
0.82) was found with a sensitivity of 67% and a specificity
of 80%. The corresponding criterion for a fatal outcome
was a stimulated corticosterone level less than or equal to
8.5 [ug/L].

The ratio of cortisol to corticosterone (RCC) as a
marker of gluco-mineralocorticoid balance in steroido-
genesis showed in the ROC analysis an area under the
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Fig. 2 Steroid profile at baseline (b) and 60 min (p) after corticotropin (Synacthen®) in severe sepsis without shock and healthy individuals.
11-Desoxycorticosterone at baseline and after stimulation was elevated in severe sepsis compared to healthy individuals (p <0.01 Mann-Whitney
test). Corticosterone at baseline did not differ between the groups. After stimulation with corticotropin (Synacthen®), corticosterone was
significantly lower in sepsis (p <0.0001). No differences were found for 17-OH-Progesterone (b and p). 11-Desoxycortisol (b and p) and cortisol (b
and p) were significantly elevated in sepsis patients compared to healthy individuals indicating a shift toward cortisol synthesis in severe sepsis
(all p<0.0001). Cortisone at baseline was significantly lower in sepsis (p <0.01) but not after stimulation with corticotropin. In severe sepsis, steroid
profiling in combination with corticotropin testing showed activation of the glucocorticoid pathway and, in the mineralocorticoid pathway, an
attenuated corticosterone biosynthesis despite high concentrations of its precursor
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Fig. 3 Steroid profile in placebo patients with sepsis and healthy individuals at baseline (b) and 60 min (p) after corticotropin (Synacthen®). Again,
there is a significant increase in 11-desoxycorticosterone and 11-desoxycortisol in sepsis, consistent with activation of both the mineralocorticoid
axis and the glucocorticoid axis. This results in significantly elevated cortisol levels, but not elevated corticosterone levels at baseline. After
stimulation with corticotropin, corticosterone was significantly lower in patients who died in hospital compared to patients who survived sepsis
and compared to healthy individuals (Kruskal-Wallis test p <0.0001; Conover post hoc analysis: significant differences between all groups).
17-OH-Progesterone prior and after corticotropin was not different between the three groups. Cortisone at baseline was significantly lower in sepsis
(p<0.01) but not after stimulation with corticotropin

curve of 0.80 (CI 0.70-0.88) with a sensitivity of 83% and
a specificity of 78%. A ratio greater than 32.2 was found
to be a good prognostic criterion for in-hospital death
(Fig. 4).

Comparison of both ROC curves (corticosterone and
RCC, both after corticotropin) showed no significant dif-
ference (difference between areas 0.7; 95% CI —0.03 to
0.17; p=0.18).

Of note, none of the healthy volunteers showed a
RCC>32.2, whereas 58 of 180 (32%) patients with sep-
sis showed this gluco-mineralocorticoid imbalance. The
12 patients in the placebo group who died in the hospital
from sepsis showed a particularly pronounced imbalance
(mean 62.1; 95% CI 32.4-91.8).

When this determined criterion of RCC is applied to
the endpoints chosen in the HYPRESS trial, different
survival curves result in the two treatment groups. In
the placebo group, patients with an RCC< =32.2 rarely
developed septic shock (13%) and had a low 90-day mor-
tality (7%), whereas patients with an RCC > 32 developed

septic shock significantly more often by day 14 developed
(37%) (p<0.01) and were significantly more likely to die
by day 90 (41%) (p<0.001). The RCC criterion of 32.2
showed no effect on the clinical endpoints studied in sep-
sis patients treated with hydrocortisone (Fig. 5A-D).

Discussion

This exploratory analysis of glucocorticoid and miner-
alocorticoid steroids before and after stimulation with
a corticotropin analogue yields well-known and novel
results on adrenocortical function in sepsis. Both the
glucocorticoid and the mineralocorticoid pathways are
activated in sepsis, recognizable by the elevated 11-des-
oxycortisol and 11-desoxycorticosterone concentrations
prior to corticotropin stimulation. Compared to healthy
individuals, this leads to elevated cortisol but not corti-
costerone levels. After stimulation with corticotropin, the
corticosterone response is more often attenuated in sep-
sis patients. Patients who died in the hospital show the
lowest dynamic corticosterone response to corticotropin
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Ratio of Cortisol to Corticosterone after Corticotropin in the Placebo Group
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Fig. 4 Receiver operating characteristic (ROC) curve for the ratio of
cortisol to corticosterone (RCC) after stimulation corticotropin in the
placebo group. A ratio greater than 32.2 was identified as a criterion
for predicting in-hospital death

stimulation, which is significantly different from in-hos-
pital survivors of sepsis. Excess cortisol over corticos-
terone after corticotropin stimulation is associated with
increased risk of developing shock and death in patients
not treated with hydrocortisone. This is not observed in
patients treated with hydrocortisone.

A new finding in this exploratory analysis is an obvious
impairment in mineralocorticoid steroidogenesis at the
onset of sepsis. Although levels of 11-desoxycorticoster-
one (precursor of corticosterone) were elevated, this did
not result in elevated corticosterone levels. Stimulation
with corticotropin clearly unmasked this impediment to
corticosterone synthesis despite high precursor levels.
Corticosterone can be stimulated 4-15 times more by
corticotropin in healthy humans compared to cortisol
[12, 15, 19]. Conditions like sepsis appear to significantly
impede its stimulability by corticotropin. It is notewor-
thy that 113-hydroxylase (see Fig. 1), which catalyzes the
conversion of 11-desoxycorticosterone into corticoster-
one, is localized on the inner mitochondrial membrane
[20, 21]. It is conceivable that mitochondrial dysfunction,
as can typically occur in sepsis, hinders this enzymatic
step [4, 22]. For example, the expression of steroidogenic
acute regulatory protein (StAR) activity early in sepsis
can affect this part of steroidogenesis by reducing the
transport of cholesterol from the outer to the inner mito-
chondrial membrane [23, 24]. Unlike cortisol, these enzy-
matic steps appear to be essential for corticosterone.
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In many animal species, corticosterone plays the cen-
tral role in the stress response. In humans, this func-
tion falls to cortisol. The exact role of corticosterone in
human physiology, other than its role as a precursor of
aldosterone, is still unclear. Corticosterone has a higher
affinity for the mineralocorticoid receptor (MR) than cor-
tisol and can be detected in higher concentrations in cer-
ebrospinal fluid than in serum [13]. Serial measurements
of corticosterone and cortisol revealed that the pulsed
secretion of both steroids is well synchronized with peaks
in the morning [12]. Corticosterone metabolism is simi-
lar to cortisol with a slightly shorter half-life [19]. Cor-
ticosterone is released solely through corticotropin and
serum levels at rest are very low. In stressful conditions,
corticotropin pulses ensure a highly dynamic supply of
corticosterone [12, 13].

In a canine model of S. aureus pneumonia-induced
septic shock, the mineralocorticoid desoxycorticoster-
one (proximate precursor of corticosterone) decreased
sepsis-induced organ dysfunctions, reversed shock, and
improved survival but only when administered over
3 days prior to inoculation of S. aureus, but not after [25].
This suggests that activation of the mineralocorticoid
signaling pathway exerts a protective effect. However,
once septic shock has been induced, the administration
of deoxycorticosterone no longer showed any effect in
this model. This finding is compatible with a prophylactic
but not therapeutic effect of the mineralocorticoid deox-
ycorticosterone [25].

The data of this study support the assumption that
11-deoxycorticosterone is no longer sufficiently con-
verted into corticosterone in established sepsis in spite
of high-dose corticotropin stimulation. This speaks for a
hindered mineralocorticoid steroidogenesis. In this con-
text, it is noteworthy that clinical trials that have so far
been able to demonstrate an advantage for therapy with
steroids in septic shock have always used the combina-
tion of hydrocortisone (predominantly a glucocorticoid)
and fludrocortisone (a pure mineralocorticoid) both of
which compensate for disturbances in the mineralocorti-
coid and glucocorticoid pathways [26, 27].

In this exploratory analysis, corticosterone and the cor-
tisol-to-corticosterone ratio (CCR) were both identified
as good predictors of clinical outcome after stimulation
with corticotropin. CCR reflects the balance in activa-
tion of both, the glucocorticoid and the mineralocorti-
coid pathways. If the mineralocorticoid pathway was too
compromised compared to activation of the glucocorti-
coid pathway, and thus, if the CCR was too high, this was
associated with a worse clinical outcome.

Like cortisol, corticosterone secretion is suppressed by
exogenous steroids like dexamethasone [12]. This under-
lines that corticosterone is dependent on corticotropin
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Days after randomisation

and may be compromised by any steroid treatment.
For this reason, we separately analyzed the endpoints
in the HYPRESS group randomized to hydrocortisone
treatment. When using the criterion of cortisol-to-
corticosterone ratio found in patients not treated with
hydrocortisone, we saw a different evolution of study
endpoints in patients treated with hydrocortisone. Glu-
cocorticoid excess, as determined by the corticotropin-
stimulated RCC>32.2, did not predict the development
of septic shock when patients were treated with hydro-
cortisone. A similar pattern was seen when looking at
90-day survival.

This exploratory study has several limitations. First,
we measured only a subset of patients enrolled in the
HYPRESS trial. Second, we cannot say what results
steroid profiling will yield in patients with septic shock.

HYPRESS deliberately recruited patients at the onset
of sepsis without shock testing the hypothesis that with
hydrocortisone the development of septic shock might be
avoidable. Third, we did not measure aldosterone in short
intervals, which would have been necessary due to the
shorter half-life of aldosterone (approx. 20 min) to pro-
vide a better insight into the final pathway of the miner-
alocorticoid axis. It is quite conceivable that a deficiency
in the precursor corticosterone can contribute to the
aldosterone deficiency described in septic shock despite
high renin activities [28].

The strengths of this exploratory study are that steroid
profiling was performed using tandem mass spectrome-
try, which has a high analytical sensitivity and selectivity,
and thus, the results are far less prone to be impaired by
analytical problems of immunoassays [17, 29]. This does
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not preclude measuring the stimulated cortisol-to-corti-
costerone ratio with immunoassays in future. The ratio of
two key steroids may be less affected by analytical prob-
lems in sepsis as both steroids have similar volume of dis-
tribution [3]. In addition, immunoassays of cortisol and
corticosterone show low cross-reactivities [29]. In this
way, the RCC combined with corticotropin testing may
offer an innovative approach to revisit diagnostic chal-
lenges in adrenocortical function during sepsis [3, 17].
The stimulated RCC can possibly serve as an endocrine
fingerprint for individualized steroid therapy in sepsis.

In conclusion, steroid profiling shows that the miner-
alocorticoid pathway is more frequently impaired than
the glucocorticoid pathway in the stress response to sep-
sis. After corticotropin stimulation, patients with excess
glucocorticoids over mineralocorticoids were more likely
to develop septic shock and to die in hospital. The ratio
of cortisol to corticosterone after stimulation with cor-
ticotropin can predict clinical endpoints such as shock
development and mortality in sepsis and can be used to
target hydrocortisone therapy. However, these hypothe-
ses have yet to be prospectively validated in large cohorts
of patients with sepsis or septic shock.
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