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Abstract Objective: To study the
time course of corticosteroid bind-
ing-globulin (CBG) level and the
free cortisol index (FCI) in compar-
ison with total cortisol and ACTH
concentrations during acute and
prolonged critical illness.

Design: Prospective observational
clinical study.

Setting: Twenty-bed medical/surgi-
cal intensive care unit.

Patients and participants: Thirty pa-
tients with septic shock, eight pa-
tients with multitrauma, and forty
healthy control subjects.
Measurements and results: During
14 days or until discharge/death, we
serially measured serum concentra-
tions of CBG, cortisol, TNF-a, IL-6,
plasma ACTH immunoreactivity,
and the FCI (= cortisol/CBG x 100).
We also recorded haemodynamic
parameters, APACHE II, ISS,
SOFA scores, shock duration, ino-
trope use, and ICU mortality. In
both groups we found markedly de-
creased CBG levels in the early
phase (septic shock: 17.5 + 5.9, and
trauma: 16.1 + 2.3 mg/l) in compari-
son with controls (37.3 + 5.3 mg/l).
The FCI was high in this early phase
(septic shock: 7.2 + 2.7; trauma:

Introduction

The activation of the hypothalamo-pituitary-adrenal
(HPA) axis is considered as one of the most relevant el-
ements of the stress responses during critical illness [1].

6.5 + 1.3; controls: 1.25 + 0.76). Dur-
ing follow-up, CBG levels signifi-
cantly increased, reaching normal
levels from day 7 on. The FCI
showed an opposite biphasic pat-
tern, with near-normalising FCI val-
ues during the second phase. Re-
gression analysis showed a negative
correlation between CBG and IL-6
levels (r, =-0.63; P < 0.05), but no
relation between CBG concentra-
tions and disease severity, shock du-
ration or death was found.
Conclusions: We found extremely
low CBG levels in early stage septic
shock and multitrauma. These dra-
matic changes are reflected in a
concomitant higher FCI, indicating
a higher free cortisol level. A second
phase displays increasing and nor-
malising CBG levels, independent
from clinical parameters. We believe
that CBG plays an active role in the
glucocorticoid response to severe
stress and in the regulation of corti-
sol availability to target tissues.

Keywords ACTH - Corticosteroid-
binding globulin - Free cortisol
index - Interleukin-6 - Relative
adrenal insufficiency - Septic shock -
Multitrauma

Acute and prolonged critical illness seem to be different

neuroendocrine paradigms [2]. The acute response to

severe illness or trauma consists primarily of an actively
secreting anterior pituitary gland and a peripheral inac-
tivation or inactivity of anabolic hormones. In the
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chronic phase of critical illness, a uniformly reduced se-
cretion of the different anterior pituitary hormones un-
derlie impaired secretory activity of target tissues. Cor-
tisol secretion appears to be a notable exception, being
maintained through a peripheral drive [3].

Corticosteroid-binding globulin (CBG) or transcort-
in is the specific transport protein for serum cortisol [4,
5]. Cortisol roughly varies with CBG levels. CBG ap-
pears to exist in different tissues, to be involved in the
control of corticosteroid uptake by cells, and to act as a
biological significant signal [5], in addition to its classi-
cal role in controlling the amount of free corticosteroids
in blood. Based on the free hormone theory, it is gener-
ally believed that only the free or unbound cortisol is bi-
ologically active [6]. By using the free cortisol index
(FCI) an indirect indication of the unbound cortisol
fraction can be derived easily [7]. In the face of changing
CBG concentrations, it is unlikely that total cortisol
measurements will accurately reflect the plasma profile
of the free hormone and the true pituitary-adrenal activ-
ity, especially in low CBG states.

An obvious hypercortisolism is present in both acute
and prolonged phases of critical illness, therefore we ex-
plored in both phases this important phenomenon by
looking into the time course of CBG levels and FCI in
a group of severely stressed patients with septic shock
or multitrauma. In addition, we evaluated the relation
of CBG and FCI with cytokines (TNF-a, IL-6), survival
(ICU mortality), disease severity (APACHE II,
SOFA), the clinical course (shock duration, inotrope
use), renal and hepatic function, and the HPA-axis (to-
tal cortisol, ACTH).

Materials and methods

Patients

The study was performed at the Intensive Care Unit (ICU), Medi-
cal Spectrum Twente, Enschede, Netherlands, and approved by the
Local Human Ethics Committee. Written informed consent from
first-degree relatives was mandatory.

Thirty adult patients with septic shock and eight patients with
multitrauma without head injury were included in the study within
6 h from admission to the ICU. Septic shock was defined by the fol-
lowing criteria: a documented infection or positive blood culture,
at least two symptoms of a systemic inflammatory response syn-
drome such as fever (> 38 °C) or hypothermia (< 36 °C), tachycar-
dia (> 90 beats/min), tachypnea (> 20 breaths/min), and abnormal
white blood cell counts (> 12,000/l or < 4,000/ul); use of vasopres-
sor support despite adequate fluid resuscitation, along with the
presence of hypoperfusion abnormalities or organ dysfunction.
Shock was defined as a decrease in systolic blood pressure to less
than 90 mmHg, a drop of 40 mmHg from baseline [8]. The dura-
tion of shock, also the time the patient was in need of vasoactive
drugs, was recorded in hours. Multitrauma patients were included
when they had an Injury Severity Score (ISS) > 20.

Patients were excluded when there was a known abnormality of
the HPA-axis, use of drugs influencing the HPA-axis, like cortico-

steroids, use of estrogens, pregnancy, burn wounds, unexplained
hyper- or hypokalemia, age below 18 years or multitrauma with
head injury.

Most patients with septic shock (n = 26) were invasively moni-
tored by means of a Swan-Ganz catheter, when the treating intensi-
vistdecided it was clinically indicated. Patients were treated conven-
tionally, including fluid resuscitation, antibiotics, vasopressor and
positive inotropic therapy, mechanical ventilation and, in cases of
acute renal failure, haemofiltration. The severity of diseases was as-
sessed using the APACHE Il scoring system, SOFA score or the ISS.

Healthy control subjects, whom were of similar age and sex (28
males and 12 females, mean age 59 years), were recruited from
medical and laboratory staffs to create reference values.

Methods

Arterial blood samples were drawn daily at 6.00 a.m. Patients were
included within 6 h from admission to ICU and/or diagnosis. Fol-
low-up was done for 14 days, or until death or discharge from ICU.
When (relative) adrenal insufficiency was suspected, defined as the
presence of classical signs of adrenal insufficiency and/or unex-
plained hypotension and resistance to inappropriately high doses
of vasoactive drugs, a short corticotropin stimulation test was per-
formed (n = 8). Relative adrenal insufficiency was confirmed when
a subnormal response to ACTH (cortisol increment < 200 nmol/I)
and a post-stimulation cortisol level of < 550 nmol/l were found.
Haemodynamic data were collected, as well as routine biochemistry
and blood counts. Serum samples were stored at —30 °C until use.
Serum cortisol was measured using a solid-phase chemiluminescent
immunoassay (Diagnostic Products, Los Angeles, Calif., USA,
Imulite). Serum CBG was determined with a time-resolved fluoro-
immunoassay as published previously [7]. Further, we measured
IL-6 and TNFa, both solid-phase, two-site chemiluminescent en-
zyme immunometric assays (Diagnostic Products).

The free cortisol index (FCI) was calculated by the formula:
FCI = [cortisol (umol/1)/CBG (mg/ml) x 100] [7]. In addition, free
unbound cortisol was calculated from total cortisol and CBG using
the Coolens method based on the binding equilibrium [9].

Statistical analysis

Values are expressed as mean + SD. Serial data were analysed us-
ing a repeated measures analysis of variance on ranks followed by
Dunn’s test for specific comparisons. Two sample comparisons
were performed using Mann Whitney U-test. Qualitative data
were analyzed using the chi-square test. Spearman’s rank order
correlation coefficient (r,) was used to evaluate the relations for in-
dividual data on each day of the study. A P < 0.05 was considered
statistically significant. All analyses were performed using a statis-
tical software package (SPSS 9.0.1).

Results

The clinical characteristics of the patients with septic
shock and multitrauma are shown in Table 1. The pa-
tients with septic shock were older, more severely ill,
had a longer ICU stay, and a higher mortality than the
patients with multitrauma.

The biochemical data on admission to the ICU (Ta-
ble 2) revealed distinct hypercortisolism in both pa-
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Table 1 Clinical characteristics of patients with septic shock and
multitrauma on admission. Values are mean + SD

Septic shock Multitrauma P value
Number 30 8
Mean age 62 + 11 52+15 0.054
Sex (male/female)  20/10 1 <0.05
APACHE 11 16.2+£5.3 10.1 £2.9 <0.01
SOFA 82+32 42+22 <0.01
ISS - 24 + 4
ICU survival (n) 19 8 <0.01
Stay ICU (days) 30+ 14 11«5 <0.01
Bacteremia (n) 19 0 <0.01
Mechanical
ventilation (n) 30 8 ns

Table 2 Laboratory data on admission in patients with septic

shock or multitrauma and control subjects. Values are
means + SD. (WBC white blood count)

Septic shock ~ Multitrauma  Controls
Cortisol (umol/l) 1.09 +0.232 1.03+0.19*  0.32+0.08
ACTH (pmol/l) 1151 +29.2* 1094 +36.2* 11.2+4.5
CBG (ng/ml) 172 £5.9* 16.1 +3.2° 371+£53
Albumin (g/1) 251 +6.7° 283 +4.5° 385
IL-6 (pmol/l) 1301 + 37720 555 +256° 102 +4.8
TNF-a (pmol/l) 26.3 + 9.6*° 94 +2.1° 42+22
FCI 72+2.7° 6.5+ 1.4° 1.25£0.76
Calc. free cortisol
(nmol/1) 294 + 832 275 + 65° 235+78
WBC (x10°/1) 14.7 + 8.2¢ 12.7 +4.2¢ 62+25

2Patients versus controls; P < 0.01
bSeptic shock versus multitrauma; P < 0.01

tient groups, with an appropriate increase in ACTH,
and extremely low CBG levels in both groups (septic
shock: 17.5 £ 5.9; trauma: 16.1 + 2.3 mg/l), significantly
lower than in healthy controls (37.3 +5.3 mg/l;
P <0.01). At the same time the FCI showed increased
values at admission (septic shock: 7.2 +2.7; trauma:
6.5 + 1.3 mg/l), also significantly different from healthy
controls (1.25 £ 0.76 mg/l; P <0.01). The IL-6 and
TNF-a concentrations were increased in both patient
groups, but much higher in septic patients (Table 2;
P <0.01).

The time course of CBG displayed a slowly increas-
ing concentration, reaching normal levels after
6-7 days in both groups of patients (Fig. 1). The time
course of FCI showed a mirror-like pattern with high
values in the early phase and near-normalising values
at the end of the observation period of 14 days (Fig. 2).
The calculated free cortisol concentrations also showed

high values on admission, which gradually decreased
(but not significantly) in time, but never reached normal
levels (Fig.3). TNF-a concentrations did not show a
specific pattern (data not shown), but IL-6 displayed ex-
tremely high levels on admission and a gradually de-
creasing pattern during follow-up (P < 0.01). Septic pa-
tients had higher IL-6 and TNF-a levels than multitrau-
ma patients at all time points.

In septic patients IL-6 inversely correlated with CBG
both on admission (r,=-0.63; P <0.01) (Fig.4) and
when all measurements were pooled (r,=-0.55;
P <0.01). In multitrauma patients this correlation was
absent (Fig. 4). Further regression analysis did not
show any relation between CBG and other variables
like APACHE 1II, ISS, leucocyte count, body tempera-
ture, TNF-o. or ACTH (data not shown). In addition,
no relation between CBG and serum creatinine and bi-
lirubin was found.

The time course of SOFA scores showed a decreasing
trend from 8.2 +3.2 on day 1 to 6.5+3.6 on day 14.
CBG had a weak inverse relation with the SOFA score
(r=-0.40; P = 0.054) and the FCI a weak positive cor-
relation (r, = 0.36; P = 0.06), when data were pooled.

There was no relation between CBG levels and the
duration of shock and inotrope use. CBG levels did not
have a significant correlation with the mean arterial
blood pressure (pooled data; r,=0.33, P =0.11).

When looking at subgroups, non-survivors (all in the
septic shock group) had comparable cortisol, ACTH,
CBG, and FCI levels on admission as survivors. These
subgroups only differed in IL-6, APACHE II, and
SOFA scores (all higher in non-survivors; P < 0.05).
During the course of septic shock these differences
were still present.

Eight patients underwent ACTH testing; four of
them had evidence of relative adrenal insufficiency
and were successfully treated with hydrocortisone.
The CBG levels and FCI values in these patients were
comparable to the patients with ‘normal’ adrenal func-
tion.

Discussion

In reaction to an infectious or noxious insult, the host
sets off an interactive network of simultaneously acti-
vated pathways, including activation of the HPA-axis re-
sulting in secretion of adrenal glucocorticoids [10]. Glu-
cocorticoids play an important role in mediating many
of the physiological and pathophysiological effects of
response to these harmful events. Glucocorticoids work
in synergy to either eliminate or control the noxious in-
sult and to repair any consequent tissue damage. Gluco-
corticoids inhibit the host defence response at virtually
all levels, and their gradual and generalised suppressive
influence protects the host from overreaction [11].
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Fig.1 The time course of corti-
sol binding globulin (CBG)
concentrations in patients with
septic shock (-o-) and multi-
trauma (—) during the obser-
vation period of 14 days. The
range of normal values, derived
from healthy volunteers, is dis-
played between broken lines

CBG (mg/I)

Fig.2 The time course of the
free cortisol index (FCI) in pa-
tients with septic shock (—o-) _
and multitrauma (—) during
the observation period of

14 days. The range of normal
values, derived from healthy
persons, is displayed between
broken lines

Free Cortisol Index

10 13

days

Critically ill patients have a wide range of cortisol
concentrations that are usually increased, especially
those with sepsis and septic shock [10, 12]. The appro-
priate plasma cortisol concentration in critically ill pa-
tients is not well known, and relative adrenal insuffi-
ciency may be present, in spite of high-normal cortisol
concentrations [12, 13, 14]. High basal cortisol levels
and a subnormal response to ACTH are indicative for
fatal outcome [15]. However, the adrenal gland has an
astonishing capacity to adapt to various forms of acute
and chronic stress.

An important regulator of the amount of the biologi-
cally active free corticosteroid is CBG, a liver-derived

days

plasma protein. In human plasma, CBG is the main car-
rier protein for cortisol (> 90%), serving as a readily
available reservoir of cortisol [4], but possibly has addi-
tional functions like facilitating steroid entry into the
cell [5]. It is generally believed that the free fraction of
cortisol is acting within target cells, where it initiates hor-
mone actions, as stated by the free hormone theory [6].
Since cortisol half-life, pool size, and volume of dis-
tribution are determined largely by CBG, total plasma
cortisol is not related to the cortisol production rate
[16] when CBG varies [17]. Therefore, it is surprising
that total cortisol is routinely measured, though the cli-
nician would benefit from a free cortisol value to esti-
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Fig.3 The time course of cal-

culated free cortisol concentra- -
tions in patients with septic —
shock (-o-) and multitrauma O
(—) during the observation pe- E 300 -
riod of 14 days. The upper limit c
of the normal values, derived ~
from healthy persons, is dis- =
played as a broken line 8 200 T
(@)
O 100 -
QL
(O]
| -
“= 0

mate the biological importance of this hormone. The
reference methods to measure free cortisol (ultrafiltra-
tion, equilibrium dialysis) are not feasible for routine
use. The FCI, which can be calculated easily, might pro-
vide a suitable method to indirectly indicate free cortisol
[7].

Changes in CBG production may importantly modu-
late corticosteroid action [18]. Several factors are
known to substantially alter CBG levels. Glucocorti-
coids (both endogenous and synthetic) have an inhibito-
ry effect on CBG production [19], thereby increasing
the disposal of free cortisol to peripheral tissues as well

Fig.4 Relation (Spearman’s
rank correlation coefficient, r,)
between serum CBG and plas-
ma IL-6 levels on admission in
patients with septic shock (o)
and multitrauma ( ll ). Septic
patients: n = 30; r, = -0.63,

P < 0.01. Trauma patients:
n=_8,r,=-0.50,P=0.16
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as its volume of distribution [17]. Some conditions lead
to a rise in CBG, e.g., estrogen therapy and lymphopro-
liferative malignancies [5]. CBG levels are relatively un-
affected by a state of pre-existing malnutrition [20].
Our data show a remarkable biphasic pattern in CBG
levels in both multitrauma and septic shock. The early
phase shows extremely low CBG levels, which is also re-
flected by a concomitant higher FCI, indicating a rela-
tively high free biologically active cortisol in the acute
stress phase. The late phase, after 7-8 days, displays in-
creasing and normalising CBG levels in both groups of
patients, together with decreasing and almost normalis-

8o
[
00

CBG (mg/l)
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ing FCI values. Savu et al. reported depletion of corti-
costeroid-binding activities during experimental inflam-
mation [21] and during human septic shock [22]. The de-
crease of CBG during septic shock was associated with a
low binding activity for cortisol in serum [23]. Perrot
et al. also found low CBG levels and a high FCI in the
acute phase of septic shock, but not in patients with non-
septic shock [24]. Interestingly, dexamethasone infusion
in all patients with shock showed that both total cortisol
and free cortisol were not suppressible.

Several mechanisms are proposed to explain the
CBG depletion during septic shock: increased metabol-
ic clearance, decreased synthesis in the liver, or capil-
lary leakage [5, 23]. Another theory to explain the low
CBG concentration observed in sepsis is based on the
fact that elastase, a serine protease that is released in
large amounts from activated neutrophils present dur-
ing acute infection, degrades CBG [5, 25, 26]. The
CBG cleaved by elastase loses affinity for cortisol and,
therefore, free cortisol can be released on the local
site of the inflammation [25, 26, 27]. This possibly
means a mechanism for the release of relatively large
amounts of cortisol at sites of inflammation. The de-
crease of CBG concentration should not result in an in-
crease of free cortisol if the negative feedback on
ACTH secretion is normal. However, during critical ill-
ness this negative feedback is impaired [24, 28]. The
absolute concentration of the free hormone will in-
crease only if the cortisol secretion rate accelerates.
This is because cortisol half-life, pool size and volume
of distribution are inversely proportional to the con-
centration of CBG [17].

We are not aware of any reports regarding CBG
levels in multitrauma patients. Our trauma patients
showed a similar biphasic pattern as the patients with
septic shock. Therefore, the acute decrease of CBG is
not specific for septic shock, but probably reflects a
stress-related phenomenon or immune activation,
with CBG acting as a negative acute phase protein.
This is supported by decreased CBG levels found in
several non-sepsis conditions such as: a) certain stres-
sors in experimental studies: tail shocks [29], immobil-
isation [30], restraint stress [30], fasting [31]; and b)
clinical studies: burns [20] and post-cardiac surgery
[32].

Interestingly, a relationship was found between se-
rum levels of IL-6 and CBG in a group of patients with
thermal burn injury [20, 33]. IL-6 is a pleiotropic cyto-
kine with both pro- and anti-inflammatory effects [10],
as well as the ability to activate the HPA-axis [34]. In
these patients, CBG was decreased within 24 h and as a
consequence the free fraction of cortisol was increased.
IL-6 negatively correlated with both CBG and free cor-
tisol, and it was hypothesised that IL-6 was (partly) re-
sponsible for the decrease of CBG. In addition, IL-6
was found to inhibit the production of CBG by human

hepatoma-G2 cell in vitro [27, 35] and in healthy volun-
teers [36]. It was suggested that CBG was a negative
acute phase protein. In our study we also found ex-
tremely high IL-6 levels in patients with septic shock,
with a strong negative correlation to CBG (r, =-0.76;
P <0.01). In patients with multitrauma, IL-6 levels
were far lower, and no relation between IL-6 and CBG
was present. Therefore, the regulation of CBG in multi-
trauma patients might be different than in septic pa-
tients, considering the difference in IL-6 levels. On the
other hand, IL-6 may not be a major factor in the early
decrease of circulating CBG, contrasting with other re-
ports [33].

In the post-operative period after cardiac surgery, it
was also demonstrated that CBG was depleted (50 %),
resulting in very high free cortisol levels, calculated ac-
cording to the equation described by Coolens et al. [9,
32]. Our data did not show correlation between CBG
and calculated free cortisol. Calculated free cortisol
was high in the early phase of critical illness, but only
slowly decreased in time, normalising after 14 days.
The Coolens method apparently has its limitations as
normal albumin concentrations are assumed in the cal-
culation, and because molar CBG concentrations clear-
ly exceed that of cortisol [9]. However, as we found low
albumin levels in most patients, we assume that no over-
estimation of free cortisol by the Coolens method is
made.

Recent clinical trials on stress doses of hydrocorti-
sone in patients with septic shock showed beneficial ef-
fects on hemodynamics [37, 38] and mortality [39].
These effects were not related to relative adrenal insuf-
ficiency in the study by Bollaert et al. [37], but in an as
yet unpublished multicentre study nonresponders to
ACTH showed a decrease in mortality [39]. Most stud-
ies mention increased total cortisol levels and, when
considering our results, probably had increased free cor-
tisol levels in the first days. Apparently, low doses of hy-
drocortisone are effective in spite of high levels of free
cortisol. Whether this is related to relative adrenal in-
sufficiency, alterations in glucorticoid receptors or glu-
cocorticoid resistance is not clear, but a relative lack of
cortisol for the tissue requirements is probably present
[12]. We believe that calculated free cortisol permits a
better evaluation of adrenocortical function and may
provide insights for better diagnosis of adrenal insuffi-
ciency.

In conclusion, we found extremely low CBG levels in
both early stage septic shock and multitrauma. These
dramatic changes are reflected in a concomitant higher
FCI, indicating higher unbound cortisol and revealing
that when CBG is low the carrier protein becomes a ma-
jor determinant of the concentration of free cortisol. A
second phase, virtually present in all patients, shows in-
creasing CBG levels, independent from clinical parame-
ters. The exact mechanism to explain the early phase
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CBG depletion is not well understood, but IL-6 might
be responsible in septic patients. The finding that CBG
was also diminished in the early phase of multitrauma
supports CBG being a negative acute phase protein

[21]. We believe that CBG plays an active role in the
glucocorticoid response to severe stress, and should be
considered a key element in the regulation of cortisol
availability to target tissues.
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