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Critical illness or life-threatening disease initiates various adaptive responses in the 
human body to maintain homeostasis. One of the body’s most important regulatory 
systems needed to achieve these responses is the hypothalamic-pituitary-adrenal 
(HPA) axis (Fig. 1). Activation of the HPA axis during severe stress such as critical 
illness ultimately leads to secretion of glucocorticoids as its primary end product.  
 
 

 
Figure 1. Activation of the hypothalamic-pituitary-adrenal axis by a stressor and the interaction with the sympatho-adrenal 
stress system and the inflammatory response. TNF: tumor necrosis factor; IL: interleukin. 
 

 

The regulation of glucocorticoid secretion is primarily mediated by 
neurosecretory neurons located in the nucleus paraventricularis of the hypothalamus. 
These neurons secrete corticotropin-releasing hormone (CRH), the key regulator in 
control of HPA axis function, which stimulates and is stimulated by noradrenergic 
neurons of the central sympathetic stress system. CRH triggers the release of 
adrenocorticotropic hormone (ACTH) from the anterior pituitary gland. Upon ACTH 
stimulation, glucocorticoids are synthesized mainly from cholesterol by the zona 
fasciculata of the adrenal cortex. Since the rate of secretion is directly proportional to 
the rate of biosynthesis, any disruption of the pathway may result in glucocorticoid 
insufficiency. The HPA axis is predominantly activated under conditions of 
psychological or physiological stress such as acute illness. Circulating 
proinflammatory cytokines, including interleukin-1 (IL-1), IL-6, and tumor necrosis 
factor-α (TNF-α), as released in various states of critical illness, stimulate the HPA 
axis through activation of afferent nerve fibres and through activation of the central 
and peripheral noradrenergic stress system [1,2].   
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The main glucocorticoid cortisol is in humans vitally important for 
cardiovascular reactivity, metabolism, and anti-inflammatory effects [3]. Cortisol has 
a supportive role in the maintenance of vascular tone, and potentiates cardiac 
contractility as well as vasoconstrictory actions of catecholamines. Cortisol promotes 
amino acid and fatty acid mobilization, and increases blood glucose levels by 
increasing gluconeogenesis and by a moderate reduction in the rate of glucose 
utilization by cells. The anti-inflammatory effects result from decreased capillary 
permeability, decreased numbers, migration and reactions of white blood cells into 
the inflamed area, and modulated cytokine production [4].  

Over 90% of the cortisol released is bound to the cortisol-binding globulin 
(CBG) which facilitates the transport and controlled release of cortisol to target 
tissues. The remaining cortisol is available in the unbound, bioactive form. Cleavage 
of CBG, which may occur at the (inflamed) tissue level by neutrophil-elastase, 
liberates cortisol which then can enter the cell and binds to the intracellular located 
glucocorticoid receptor. The availability of bioactive cortisol is directly related to the 
concentration of CBG and to a lesser degree to the concentration of albumin, which 
has a high capacity and a low affinity for binding cortisol. Accordingly, CBG levels are 
inversely correlated with the cortisol disappearance rate.  

Although highly activated, the HPA axis activity can be insufficient for the 
degree of stress, a state which may be denoted as relative adrenal insufficiency 
(RAI), in which serum cortisol levels, although high in absolute terms, are insufficient 
to maintain homeostasis. RAI seems to be related to an increased risk of death, 
although this is under debate [5-10]. There has recently been a great deal of interest 
regarding the assessment of adrenal function and the indications for corticosteroid 
therapy in critically ill patients [11]. It is important to distinguish between patients with 
pre-existing dysfunction of the HPA axis (chronic steroid use, Addison’s disease) and 
patients who develop (acute) adrenal insufficiency as a consequence of severe 
illness or injury. However, one could argue on the terms ‘absolute’ and ‘relative’ 
adrenal insufficiency in the context of critical illness, because the distinction between 
these two entities is artificial and not always clear. In addition, analysis of serum total 
cortisol levels in critically ill patients suggested more often a state of RAI than when 
analyzing free cortisol levels. The latter removes confounding due to low protein 
levels, which is often the case in the critically ill, and suggests that many patients had 
in fact normal adrenal function [12]. These complex findings led to diminished 
popularity of the term ‘adrenal insufficiency’ in the intensive care unit (ICU). Other 
terms which may better describe this concept have been proposed such as critical 
illness related corticosteroid insufficiency (CIRCI) [13]. Our group still uses the term 
RAI as it has been used for many years and found, in spite of its limitations, broad 
impact in critical care medicine [5]. 
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Relative adrenal insufficiency 
 
Pathophysiology 
During critical illness, many factors can impair the cortisol response to ACTH. 
Cortisol synthesis can be impaired by (pre-existing) disease of the hypothalamus, 
pituitary or adrenals, by administration of drugs, by inflammatory cytokines and 
infection, by tissue resistance to cortisol, by substrate deficiency, or by decreased 
cortisol delivery.  
 Necrosis of the hypothalamus or the pituitary gland has been reported in 
patients with sepsis with resultant decreased synthesis of CRH and ACTH [14]. This 
necrosis often develops as a result of insufficient oxygen supply due to prolonged 
hypotension or severe coagulation disorders. Furthermore, patients with critical 
illness such as sepsis may develop adrenal insufficiency due to bilateral necrosis or 
haemorrhage of the adrenals. This phenomenon is well-known in the Waterhouse–
Friderichsen syndrome characterised by meningococcal infection, although other 
pathogens have also been associated with adrenal haemorrhage and insufficiency in 
disseminated infection [15]. 

Numerous drugs used in intensive care units during critical illness are known 
to compromise cortisol synthesis. A frequent cause is (chronic) treatment with 
corticosteroids which induces prolonged suppression of  the HPA axis. Other drugs 
block enzymatic steps in cortisol synthesis such as inhibition of adrenal 11β-
hydroxylase by the anaesthetic etomidate, or the anti-fungals ketoconazole or high-
dose fluconazole. Cortisol metabolism may be accelerated by antimicrobiological 
drugs such as rifampicin, cyclosporine, ketoconazole, clarithromycin and antiepileptic 
drugs such as phenytoin and phenobarbital.     

Furthermore, high levels of inflammatory cytokines can lead to impaired 
cortisol synthesis [5,6]. For example, TNF-α impairs CRH-stimulated ACTH-release 
and inhibits the stimulatory actions of ACTH on the adrenals in cortisol synthesis [2]. 
Proinflammatory cytokines and sepsis have been demonstrated to modulate 
numbers, expression and function of the glucocorticoid receptor [16,17]. RAI may 
then arise due to altered binding activity of the receptor and altered uptake of cortisol 
by its receptor in peripheral target organs or due to impaired activity of the 
glucocorticoid receptor at the nuclear level of the target cell. Peripheral tissue 
resistance to glucocorticoids may also result from use of drugs [18]. Overall, loss of 
function of the glucocorticoid receptor mainly exaggerates the systemic inflammatory 
response. 

Substrate deficiency for cortisol synthesis may also lead to a decreased 
production of cortisol during acute illness. As described, the rate of cortisol secretion 
is directly proportional to the rate of biosynthesis from cholesterol. Since the adrenals 
do not store any cholesterol, the main sources of cholesterol for steroid formation are 
plasma lipoproteins. However, in critical illness, total and high-density lipoproteins 
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(HDL) levels are low, and low HDL levels are reported to be associated to a 
diminished response to ACTH in the critically ill [19]. 

In the acute phase of critical illness, amounts and activity of serum protein 
including CBG are markedly reduced resulting in increased availability of free and 
biologically active serum cortisol. However, it may also result in diminished 
distribution and delivery of cortisol to the site of inflammation, immune cells and other 
target organs [20]. In the prolonged phase of critical illness, CBG levels may increase 
concordant with decreasing free cortisol levels [21]. 
 
Diagnosis  
Patients with chronic adrenal insufficiency such as Addison’s disease usually present 
with a history of fatigue, weakness, weight loss, anorexia, and gastrointestinal 
disturbances such as nausea, vomiting, abdominal pain and diarrhoea. Clinical signs 
may be more specific and include hyperpigmentation (primary adrenal insufficiency) 
and orthostatic hypotension. Laboratory findings in glucocorticoid deficiency can 
demonstrate a mild normocytic anaemia, lymphocytosis, eosinophilia, 
hyponatraemia, hyperkalaemia and hypoglycaemia. However, these features may be 
hard to recognize in the critically ill and most times are absent in RAI. For RAI, the 
main diagnostic clue may be refractory hypotension resistant to vasoactive and 
inotropic drugs, despite adequate fluid challenges [5]. RAI should therefore be 
considered in all ICU patients requiring vasopressive/inotropic treatment, particularly 
when having a hyperdynamic circulation profile. Laboratory assessment may 
demonstrate eosinophilia and hypoglycaemia, while other findings associated with 
chronic adrenal insufficiency are uncommon. 
 The gold standard in the assessment of secondary adrenal insufficiency, the 
insulin tolerance test, stressing the adrenals by hypoglycaemia, and the metyrapone 
test, inhibiting the enzymatic reaction of 11-deoxycortisol to cortisol and measuring 
the ability of the pituitary gland to release ACTH in response to decreased blood 
cortisol levels, have its limitations for patients and clinicians, especially in the critical 
care setting. Therefore, the principal method of diagnosis of the HPA response to 
stress and RAI constitutes of dynamic adrenal testing with help of the standard short 
corticotropin stimulation test, in which 250 µg of synthetic ACTH is intravenously 
administered, and serum cortisol levels before, and 30 and 60 minutes afterwards 
are measured. However, the use of this test to diagnose RAI remains controversial, 
because no consensus has been reached about the dose of ACTH administered and 
appropriate cutoff levels for the diagnosis of RAI, and thereby about the prognostic 
value with regard to mortality and corticosteroid treatment. Indeed, the usual but 
rather high dose of 250 µg of ACTH results in supraphysiological plasma 
concentrations of ACTH, but administration of 1 µg of ACTH, introduced as a more 
sensitive test, has been reported to give only slightly improved sensitivity [14]. 
Assays are not uniform and show variations in test characteristics, and a wide variety 
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of criteria is used to define RAI in the critically ill patients: from random cortisol levels 
(without or prior to ACTH testing), to peak cortisol values (after ACTH testing), to 
increments from baseline to peak cortisol level after ACTH, all with many variable 
cutoff levels used. However, random cortisol levels are determined by the activity of 
the entire HPA axis and have a broad reference range in the healthy adult population 
[22] similar to those in the critically ill [23]. Furthermore, it has not been established 
whether a random cortisol adequately reflects the 24-hour secretory profile in the 
critically ill. Plasma cortisol values measured hourly over a 24 hour period revealed 
spontaneous hourly fluctuations (both rises and falls) in baseline cortisol values. In 
certain instances, the spontaneous rises in cortisol even exceeded those induced by 
exogenous ACTH. Thus, depending on the time of sampling for random cortisol, a 
patient may be classified as hypoadrenal or euadrenal. These data suggest that a 
diagnosis of adrenal insufficiency based on single point cortisol estimation may be 
inaccurate in the critically ill [24]. With regard to the use of cortisol increases in 
diagnosing RAI, even 50% of healthy volunteers have a cortisol increase upon ACTH 
of less than 250 nmol/L [22]. Another difficulty in ACTH testing is the interpretation of 
total serum cortisol levels. It is accepted that free rather than protein-bound cortisol 
levels are responsible for its physiological activity [25], but the free cortisol 
measurements have not widely been introduced since this test is not readily 
available. When binding proteins in serum fall, as often occurs during critical illness, 
the patient may be misdiagnosed as adrenal insufficient due to lower serum total 
cortisol levels, although serum free cortisol levels may maintain normal or elevate 
[12]. Furthermore, the normal range of the free cortisol in critically ill patients is 
currently unclear. Finally, ACTH testing may have poor reproducibility. For example, 
during severe sepsis and septic shock, low unstimulated cortisol levels and high 
proportional changes between unstimulated cortisol and post-ACTH cortisol levels 
measured on day 1 of admission correlated with ICU and hospital stay but not to 
mortality, while these measures on day 2 did not to any of these end-points [26]. 
 
Therapy 
Treatment with corticosteroids in patients with RAI may have beneficial effects by 
improvement in haemodynamics and a reduction in the need for vasopressor 
therapy. In studies in septic shock patients, more rapid shock reversal was noted in 
patients treated with hydrocortisone (200-300 mg/day), particularly in patients with 
RAI, the so-called non-responders to the ACTH test [8,27-30]. Moreover, mortality 
was reduced in non-responders treated with prolonged moderate-dose 
hydrocortisone therapy compared to non-responders receiving placebo, while there 
were no differences in groups in responders [8,31]. However, in a recent large 
double-blind, randomized placebo-controlled trial, no survival benefit up to 28 days or 
improvement of shock reversal was demonstrated, neither overall nor between 
patients with a low cortisol increase upon ACTH (<250 nmol/L) and patients with a 
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cortisol increase ≥250 nmol/L [11]. Thus, whether random cortisol levels or 
responses to ACTH predict reduction of mortality by hydrocortisone therapy in septic 
shock remains  under debate [7,8,11,27-29,31,32]. In contrast, in some studies on 
other critical illnesses such as liver failure and during weaning from mechanical 
ventilation treatment with hydrocortisone improved survival and successful ventilatory 
weaning [33,34]. All together, task force recommendations based on the literature 
including the CORTICUS study recommend that hydrocortisone should be 
considered in the management strategy of patients with septic shock, particularly 
those patients who have responded poorly to fluid resuscitation and vasopressor 
agents, but that ACTH testing is not needed to identify the subset of patients with 
septic shock who should receive hydrocortisone therapy [35]. Furthermore, 
moderate-dose glucocorticoid therapy should be considered in the management 
strategy of patients with severe acute respiratory distress syndrome (ARDS) because 
of a survival benefit when initiated before day 14 of ARDS, but, again, ACTH testing 
is not useful [36].  
 
 
Aim and outline of this thesis 
 
In this thesis, the concept of RAI in critically ill patients will be explored in terms of 
predictors for RAI, the predictive value of RAI for mortality and beneficial effects of 
corticosteroid treatment. Furthermore, we will study the predictive value of RAI in 
repeated ACTH testing, and the effect of therapeutic hypothermia in the prognostic 
value of the pituitary-adrenal axis in comatose patients after cardiopulmonary 
resuscitation (CPR) for cardiac arrest. 

Chapter 2 gives an overview of the literature for criteria which are commonly 
used to define RAI/non-responsiveness in dynamic ACTH testing in the critically ill and 
for the value of these criteria, in predicting haemodynamic responses to treatment with 
corticosteroids and mortality rates. It summarizes the various cutoff levels considered 
to indicate RAI and its prevalence, in a variety of conditions. Results on the capability 
of RAI to predict the response to corticosteroid treatment in vasopressor-resistant 
shock, and thereby allowing rapid tapering or discontinuation of vasopressor/inotropic 
treatment will be evaluated. Moreover, the various cutoff levels to define RAI will be 
evaluated by their prognostic significance, and particularly when corticosteroid 
treatment lowers mortality in so defined non-responders to ACTH.  

Since clinical features and manifestations are not well known for RAI and the 
literature is scarce and highly controversial on predictors and manifestations of RAI, in 
Chapter 3 we investigate whether there are predictors for RAI. Delineation of 
predictors and characteristics of RAI may help the clinician to select patients for the 
ACTH test and to help to guide therapy with corticosteroids and thereby improve 
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outcome, particularly of vasopressor-refractory septic shock. Furthermore, the results 
may help to gain insight into the pathophysiology of RAI.  

Chapter 4 addresses the question whether ACTH/cortisol responses in severe 
sepsis and septic shock are caused by, or contribute to critical illness and thus have 
a marker or mediator role with regard to mortality. As stated, hydrocortisone therapy 
may have beneficial effects on haemodynamics and outcome of patients with septic 
shock needing vasopressor/inotropic treatment, particularly when associated with a 
diminished ACTH response. Thus, this chapter explores whether the cortisol response 
to ACTH can predict mortality and beneficial effects of treatment with corticosteroids in 
septic shock.  

RAI has also been described to occur in non-septic conditions, such as trauma 
and after (major, vascular or cardiac) surgery. Therefore, Chapter 5 studies non-
septic, hypotensive ICU patients in whom an ACTH test was performed and evaluates 
the predictive value of the ACTH response of cortisol for disease severity, response to 
corticosteroid treatment and mortality.  

One of the controversies in the concept of RAI is the poor reproducibility of the 
test. In Chapter 6 therefore, the significance of longitudinal changes in cortisol 
responses to repeated ACTH testing is explored with regard to disease severity, 
mortality, and corticosteroid treatment during the course of critical illness. Specifically, 
it was investigated whether a rise in the cortisol response to the second ACTH test as 
compared to the first test could be associated with decreasing incidence of risk factors 
for RAI such as sepsis, and with a decreased mortality risk by treatment with 
moderate-dose corticosteroids.  

Perhaps the ultimate stress for the human body is cardiac arrest with 
subsequent CPR. In our institution, surviving CPR patients are treated with induced 
hypothermia during 24 hours, being the only method that has been proven to modify 
outcome in these patients [37]. However, the effect of hypothermia on the HPA axis 
and steroidogenesis is controversial. In Chapter 7, we present data on the pituitary-
adrenal axis in patients after cardiac arrest who are successfully resuscitated and 
treated with hypothermia, taking treatment with corticosteroids into account. 

Finally, Chapter 8 provides a summary and general discussion of the findings 
presented in this thesis, and places these finding in perspective. 
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Introduction 
 
By elevating the blood cortisol level, the body attempts to adapt to stress, associated 
with severe disease, trauma, surgery, and particularly sepsis [1-10]. Although primary 
insufficiency of the hypothalamus-pituitary-adrenal (HPA) axis is rare in the critically ill, 
relative adrenal insufficiency (RAI) has been considered as a frequent complication of 
septic shock and other critical conditions [6,9,11-13]. In these conditions, the cortisol 
level, despite being normal or even elevated above normal, is considered inadequate 
for the degree of stress, as manifested by a subnormal rise of the cortisol level in 
response to additional stimuli [3,5,6,9,10-31]. The latter could indicate a transiently 
diminished adrenal reserve following adrenal exhaustion, in the absence of structural 
defects [6,19,20]. In contrast, primary adrenal insufficiency is caused by destruction or 
failure of the adrenal cortex. Conversely, various terms have been used in the critically 
ill, including adrenocortical deficiency, hypocortisolaemia, functional or occult 
hypoadrenalism, adequate and inadequate cortisol production, and non- or 
hyporesponsiveness (to adrenocorticotropic hormone, ACTH). We will lump these 
together as RAI (and non-responsiveness to ACTH), as opposed to primary or 
secondary adrenal insufficiency with failure of the adrenals or hypothalamus/pituitary, 
respectively [4,6-9]. 
 Although vasopressor insensitivity or resistance has been considered as a 
cardinal clinical sign of RAI and arterial blood pressure of some patients rapidly 
increases after hydrocortisone boluses, the modulation of vascular reactivity by 
corticosteroids does not necessarily indicate RAI. In other words, there are no clinical 
indicators, including eosinophilia, with proven sensitivity and specificity for RAI [27], 
partly because of the lack of a reference standard. The most commonly applied 
diagnostic tool for primary adrenal insufficiency is the short corticotropin (ACTH) 
stimulation test [4,7-9], first introduced in the 1960s to evaluate adrenocortical function 
by intravenously injecting 250 µg of synthetic ACTH and measuring serum cortisol 
levels before and 30 and 60 minutes afterwards [32]. The consensus is that, in non-
critically ill patients, a baseline cortisol level exceeding 500 nmol/L or a post-ACTH 
peak (t=30 or 60 min) level of at least 415-550 nmol/L indicates normal adrenal 
function (500 nmol/L = 18 µg/dL) [4,7-10]. The test has been widely used in the 
intensive care unit (ICU) as well, particularly in patients with vasopressor-insensitive 
(septic) shock, in whom RAI could be suspected [5]. There is an ongoing debate, 
however, concerning the appropriate cortisol levels in response to the ACTH test, that 
can be considered as indicative of RAI in critically ill patients. In the absence of 
uniformly accepted indications for ACTH testing and criteria to define abnormal 
ACTH/cortisol patterns and so called non-responders, the prevalence and significance 
of abnormal ACTH/cortisol patterns, predicting a haemodynamic response to 
corticosteroid administration and a contribution to mortality, independent of disease 
severity, widely varies among studies [2,3,5,6,10-19,21-31]. Cortisol levels are 
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influenced by binding proteins, so that only the free form is biologically active. Cortisol-
binding globulin and albumin, the major binding proteins for circulating cortisol are 
often decreased in critical illness, thereby lowering total but not free cortisol values 
[29,33]. Of note, the increase in total circulating cortisol upon ACTH may be greater, 
for the same increase in free cortisol concentration, when binding is high than when 
binding is low [29]. It is unclear, however, how this affects the (interpretation and 
therapeutic implications of) the ACTH test, based on total cortisol determinations, in 
the critically ill [29,33]. Moreover, measuring free cortisol is laborious and expensive 
and there is considerable interassay variation of cortisol determinations. Finally, a 1 µg 
ACTH test may be a better test for adrenal secretion than the supraphysiologic 250 µg 
ACTH test. Comparisons in the critically ill are scarce up till now [5,10,21,28] and it is 
therefore unclear if the former carries higher sensitivity and specificity for RAI than the 
latter. 
 In this chapter, we will give an overview of the criteria of abnormal 250 µg 
ACTH-induced cortisol patterns described in the literature and used to define RAI/non-
responsiveness in the critically ill (Table 1). We will also evaluate the value of these 
patterns, in predicting haemodynamic responses to treatment with corticosteroids and 
mortality rates, in order to better define RAI. The results of this exercise suggest that, 
up till now, RAI is not a clear and definable disease entity or syndrome.   
 
  

Relative adrenal insufficiency in the critically ill: cutoff values and 
prevalence 
 
Circulating cortisol levels could be too low for the severity of disease and might less 
than normally respond to ACTH. We will summarize the various cutoff levels 
considered to indicate these abnormalities and thereby RAI, and its prevalence, in a 
variety of conditions [5] (Table 1). This will show that RAI has not been defined 
unequivocally. 
 
Random/baseline cortisol levels  
Several authors used a random cortisol level (without or pior to ACTH testing) to 
diagnose RAI, although the random cortisol level is determined by the activity of the 
entire HPA axis. Marik et al. stated that a random level <500 nmol/L used as a criterion 
of primary adrenal insufficiency in non-critical illness is inappropriate to define RAI in 
stressed critically ill patients, and used a cutoff of 690 nmol/L [5,6,10,28]. The 
prevalence of RAI (defined by a cortisol <690 nmol/L) in their septic shock patients was 
61%, whereas Sam et al. found (at a cutoff of 550 nmol/L) a prevalence of 30% [31]. In 
the septic shock patients studied by Moran et al. [17], a random cortisol level <500 
nmol/L also occurred in about 30% of patients. When using 550 nmol/L as a threshold, 
the incidence of RAI was 5 and 2% in patients with septic shock and ruptured 
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Table 1. Relative adrenal insufficiency (RAI) in the critically ill 
 
First author 
[reference] 

 
Cutoff 
(nmol/L) 

 
Prevalence 

RAI (%) 

 
Prediction 

steroid 
treatment 

response H,M 
(y/n) 

 
Mortality 

without RAI/ 
responders 

(%) 

 
Mortality RAI/ 

non-
responders 

(%) 

 
Association 

disease 
severity 

 
Random/baseline cortisol 
Schein [34] ≤550 5 -, - 71 100 - 
Moran [17] <500 32 -, - - - - 
Braams [11] <550 2 -, - 19 0 n 
Rydvall [12] <400 or <500 36-47 -, - - - n 
Marik [6,28] <690 61 y, - - - - 
Offner [35] <500 60 -, - 11 8 n 
Hamrahian 
[29] 

<415 38 n, - - - - 

Widmer [10] <415 or <690 4-84 -, - 4 0 - 
       
Peak levels upon ACTH 
Jurney [15] ≤550 3 n, y 38 0 y 
Patel [36] ≤600 - -, - - - - 
Bouachour 
[18] 

≤500 6 -, - - - n 

Soni [19] <500 24 y, n 44 80 n 
Manglik [27] <550 9 n, n - 33 n 
Hamrahian 
[29] 

<510 21 -, - 25 43 n 

Widmer [10] <690 0-4 -, - 4 0 - 
       
Cortisol increases upon ACTH 
Sibbald [14] <125 19 -, - 59 80 n 
Rothwell [16] <250 41 -, - 32 100* n 
Moran [17] <200 67 -, - - - - 
Bouachour 
[18] 

<250 75 -, - - - n 

Bollaert [37] <165 29 y, n 45 50 - 
Rydvall [12] <200 56 -, - - - y 
Annane [26] ≤250 77 y, y 57 58 n 
Hoen [13] <250 47 -, - 6 25 n 
Bollaert [25] <200-250 34-38 -, - 39 68 - 
Widmer [10] <250 2-39 -, - - - - 
       
Baseline (b) and increase (i)/peak upon ACTH 
Span [3] p<500 and/or i<200 17 -, - 23 0 y 
Barquist [21] b<415, 415<b<550 + 

p<690 
0.66-37 -, - 43 57 - 

Annane [22] b≤940 + i≤250 70 -, - 30 72* y 
Oppert [23] b≤1000, b≤500 + i≤200 55 y, n 44 45 n 
Rydvall [12] b<400 and/or i<200 69 -, - - - n 
Rivers [24] b<830, b<550 + i≤250 33 y, n 46 29 - 
Bollaert [25] b>550, i<250 - -, n 61 82 n 
Parikshak 
[30]  

b<415, 415<b<940 + 
i<250 

30-67 y, - 14 17 - 

 
500 nmol/L = 18 µg/dL; b: baseline; p: peak; i: increase; H: haemodynamic; M: mortality; *P<0.05 for mortality among RAI groups. 
 

 
 
abdominal aneurysms, respectively [11,34]. However, a random cortisol <500 nmol/L 
was much more common in the studies by Offner et al. [35] and Rydvall et al. [12], 
occurring in 60% and 47% of surgical and critically ill patients, respectively, while 36% 
had values below 400 nmol/L [12]. 
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Peak cortisol values upon ACTH 
The peak cortisol values (after ACTH testing) used to define RAI range from 500 
[3,15,18,19], 510 [29], 550 [11,27] to 600 nmol/L [36] and prevalences from 2 to 77% in 
these studies. The wide variety may only partly be attributable to differences in case-
mix. Patel et al. [36] assessed cortisol values in acute hospital admissions. All patients 
had peak levels >600 nmol/L and baseline cortisol levels >250 nmol/L, and peak and 
baseline values highly correlated.  
 
Cortisol increases upon ACTH 
The increment from baseline to peak cortisol level after ACTH is often used to denote 
RAI. The cutoff increases used to separate low from normal responses range from 125 
[14], 165 [37], 200 [3,12,17,25] to 250 [10,13,16,18,25,26] nmol/L, and prevalences of 
RAI (with increments less than the cutoff values) varied between 17 and 77%, 
depending, perhaps only in part, on the patient population studied. While peak values 
upon ACTH may relate to baseline cortisol values, increases may not [2,6,10-12,16-
18,20,36,38]. Almost 13% of healthy, unstressed controls do not reach an increase in 
cortisol >250 nmol/L, and the significance of using increases only to define RAI can 
thus be critizised [6,10]. Indeed, a maximally stressed patient may adequately produce 
most of the ACTH that the pituitary can secrete and most of the cortisol that the 
adrenals can synthesize, so that adrenal reserve upon (supraphysiologic doses of) 
ACTH may be exhausted, resulting in relatively low cortisol increases [6,23]. One could 
thus seriously question RAI in these cases [23]. The only 2 out of 159 chronic critically 
ill patients in the study of Span et al. [3], who had RAI on the basis of peak levels <500 
and/or increases <200 nmol/L, had been treated by corticosteroids prior to the ACTH 
test. 
 
Baseline and increases upon ACTH 
Although low cortisol baseline values may denote more severe or different RAI than 
high baseline values with low increments, some authors take the patterns together to 
define RAI [12,21-24,30]. In acute medical illness (n=40), RAI was not found by 
Drucker et al. [1], observing minimum baseline cortisol values of 212 nmol/L and peaks 
of 550 nmol/L. In a study by Barquist et al. [21], the overall prevalence of RAI, defined 
by a baseline cortisol level <415 nmol/L (together with a baseline between 414-550 
and a peak <690 nmol/L) in surgical (trauma) patients was 0.66-37%. In the surgical 
patients studied by Rivers et al. [24], the prevalence of RAI (baseline/peak cortisol 
<830 or increase ≤250 nmol/L, or baseline/peak cortisol <550 nmol/L and an increase 
≤250 nmol/L) was 33%. Parikshak et al. [30] defined RAI as a baseline cortisol level 
<415 or between 415-690 nmol/L with an increase upon ACTH <250 nmol/L, and the 
prevalence was up to 67% in their vascular surgery patients. Sixty-nine % of critically ill 
patients tested by Rydvall et al. [12] had a baseline <400 and/or an increase <200 
nmol/L. Annane et al. defined abnormal ACTH/cortisol patterns on the basis of their 



27

Defining relative adrenal insufficiency in the critically ill: the ACTH test revisited 
 

 

 27

relatively independent predictive value for 28-day mortality in 189 septic shock patients 
[22]. ACTH-responders had a baseline cortisol level <940 with an increase >250 
nmol/L, and non-responders with higher baseline values and/or smaller increases 
amounted to 70% of patients. Oppert et al. [23] used either a high baseline cortisol 
value >1000 nmol/L as a cutoff level or a baseline value >500 nmol/L with an increase 
of >200 nmol/L to define normal responses in septic shock patients: 55% did not fulfill 
these criteria and could be considered as having RAI. According to these authors, a 
high baseline cortisol above 1000 nmol/L could also reflect a decreased hepatic 
cortisol clearance [18], rather than adrenal (hyper)function adapted to severity of 
disease. 
 
 
Relative adrenal insufficiency and the haemodynamic response to 
corticosteroids 
 
Another argument favouring the concept of RAI is its potential capacity to predict the 
response to corticosteroids in vasopressor-resistant shock, allowing rapid tapering or 
discontinuation of dopamine or norepinephrine while maintaining mean arterial 
pressure. Nevertheless, insensitivity of the vascular wall to vasopressors may relate to 
corticosteroid-sensitive mechanisms in vascular smooth muscle, that may have 
nothing to do with RAI. Conversely, the literature is heterogeneous as to the predictive 
value of ACTH/cortisol patterns for steroid-responsiveness. 
 
Random/baseline cortisol levels  
All 59 septic shock patients studied by Marik et al. [28] received stress doses of 
hydrocortisone. Corticosteroid responsiveness was defined as the cessation of the 
need for norepinephrine to maintain a mean arterial pressure of >65 mm Hg within 24 
hours of the first dose of hydrocortisone. While 95% of the 22 corticosteroid-responsive 
patients had a baseline (prior to ACTH) cortisol level <690 nmol/L, only 22% had a 
peak <500 nmol/L upon 250 µg of ACTH, so that the former was a better predictor of 
corticosteroid-responsiveness than the latter. The optimal baseline concentration as 
cutoff value to predict a positive response to corticosteroids was estimated as 658 
nmol/L. 
 
Peak cortisol levels upon ACTH  
The 3 of 5 RAI (peak cortisol <500 nmol/L) patients in the Soni et al. study [19] on 
septic shock receiving corticosteroids were weaned off pressors within several hours 
after starting the drugs. 
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Cortisol increases upon ACTH  
In the Annane et al. study [26], time to vasopressor discontinuation was, on the 
average, 10 days in the placebo- and 7 days in the corticosteroid-treated group of non-
responders to ACTH with cortisol increases <250 nmol/L. Among responders, time to 
shock reversal was 9 days in the corticosteroid- and 7 in the placebo-treated group. 
Hence, corticosteroid treatment appeared particularly effective in non-responders. In 
contrast, there was no clear ACTH/cortisol pattern (increase > or <165 nmol/L) that 
predicted favourable haemodynamic responses to stress doses of hydrocortisone in 
the septic shock patients studied by Bollaert et al., after excluding those with a peak 
cortisol <500 nmol/L [37]. 
 
Baseline and increases upon ACTH  
Oppert et al. [23] studied catecholamine dependency among 20 septic shock patients 
treated by hydrocortisone. The 11 ACTH non-responders (having a baseline cortisol 
<1000 nmol/L or <500 nmol/L and an increase of <200 nmol/L) were free of 
vasopressor support earlier than responders. Therefore, the non-responding 
ACTH/cortisol pattern suggestive of RAI seemed to predict a beneficial response to 
corticosteroid administration. Rivers et al. [24] also observed, in surgical patients with 
RAI (baseline/peak cortisol <830 nmol/L or a cortisol increase ≤250 nmol/L, or 
baseline/peak cortisol <550 nmol/L and an increase ≤250 nmol/L), that vasopressors 
could be more easily tapered after treatment with hydrocortisone than in patients with a 
normal response. Also, hydrocortisone-treated responders who could be successfully 
weaned from vasopressor therapy within 24 hours had significantly lower baseline 
cortisol values as compared with those who continued requiring therapy, even though 
ACTH responses were similar. Vasopressor dose tapering was denoted as rapid 
among the non-responders to ACTH receiving hydrocortisone in the Parikshak et al. 
study [30], but this was not compared to that in responders.  
 
 
Relative adrenal insufficiency and outcome 
 
The clinical relevance of various cutoff levels to define RAI can also be evaluated by 
their prognostic significance, and particularly when corticosteroid (hydrocortisone) 
administration (in stress doses) lowers mortality in so defined non-responders to 
ACTH.  
 
Random/baseline cortisol levels  
Mortality increased with an increase in baseline cortisol in septic (shock) patients 
[14,17,31]. In the septic shock patients studied by Schein et al. [34] and Rothwell et al. 
[16], however, baseline cortisol levels did not have any prognostic significance. 
Bouachour et al. [18] noted that only increases in the levels over the first 72 hours 
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were associated with non-survival. Cortisol levels among non-survivors did not 
significantly differ from those among survivors also, in the study by Hamrahian et al. 
[29] in critically ill patients and in the study by Offner et al. [35] in trauma patients, but 
only 2 (one responder and one non-responder with a random cortisol <500 nmol/L) of 
the 22 patients in the latter had died. In contrast, a study on patients with a ruptured 
aneurysm of the abdominal aorta showed lower baseline cortisol levels in survivors 
than in non-survivors [11]. In other studies on ICU patients [15,38,39], non-survivors 
also had higher baseline cortisol levels than survivors. 
 
Peak cortisol levels upon ACTH  
Mortality rates among critically ill patients non-responding to ACTH did not seem to 
increase when using a relatively low peak level (<500 nmol/L) as cutoff [3,15]. Non-
surviving ICU patients had similar peak cortisol levels as survivors; the 2 non-
responding patients (with peak ≤500 nmol/L) who survived were treated by 
hydrocortisone [15]. The 2 patients with RAI according to criteria by Span et al. [3] 
(peak ≤500 nmol/L and/or increases <200 nmol/L) survived without need for 
corticosteroids and their low cortisol values were thought to reflect a milder disease 
severity compared to those with high levels. Peak cortisol values were higher in non-
survivors than survivors, in critically ill and vascular surgery patients, independently of 
treatment with corticosteroids [11,38]. The peak values in non-surviving (non-steroid 
treated) vascular surgery patients were even reported to exceed 550 nmol/L [11]. 
When using a cutoff of 510 nmol/L, Hamrahian et al. [29] showed no significant 
difference in mortality among responding and non-responding critically ill patients. The 
levels did not differ among septic shock outcome groups in the Bouachour et al. study 
[18]. On the other hand, in the Soni et al. study [19] the 28-day mortality rate of septic 
shock was almost doubled in non-responders (peak cortisol <500 nmol/L, 80%) 
compared to responders (44%), despite treatment with corticosteroids in 3 of 5 non-
responding patients, but statistical significance was not reached. In the Manglik et al. 
study [27] 4 of 9 septic non-responders were treated by corticosteroids and 1 of them 
died, and 2 of the 5 untreated non-responders died. Mortality in responders was not 
rapported. 
 
Cortisol increases upon ACTH  
The cortisol increase was lower among non-survivors than among survivors in studies 
on sepsis and shock by Sibbald et al. [20, not significantly] and Rothwell et al. [16]. 
Moreover, mortality could be predicted by a low cortisol increase, in other studies 
[17,25], regardless of the threshold value of 200 or 250 nmol/L. Treatment with 
hydrocortisone did not affect this association, because mortality rates did not differ 
from that in non-treated patients, both in responders and in non-responders [25]. In 
contrast, cortisol increases did not differ between survivors and non-survivors in the 
Bouachour et al. study [18] on septic shock patients. Using a low cutoff value of <165 
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nmol/L, increases in circulating cortisol, Bollaert et al. [37] observed no significant 
difference in mortality rates between responders and non-responders. In this study, 41 
septic patients were randomised to treatment with placebo or hydrocortisone: there 
were 4 non-responders in the treatment group and 8 in the placebo group. 28-Day 
mortality appeared to be lower in all non-responders together, treated and non-treated, 
versus the responders (not statistically significant (ns)), but there were no differences 
between the treated or non-treated patients when only responders or only non-
responders were analysed. Annane et al. [26] investigated the effect of low doses of 
hydrocortisone combined with fludrocortisone on mortality in patients with septic shock. 
Corticosteroids proved to lower mortality among non-responders (cortisol increase 
<250 nmol/L) but failed to do so in responders. Among non-responders, 73 patients 
(63%) treated by placebo died while 60 (53%) of corticosteroid-treated patients died. 
Among responders, the 28-day mortality was 53% and 61% (ns), respectively. In the 
study by Jarek et al. [38] on ICU patients, the ACTH-induced increase in cortisol did 
not have prognostic value, independently of treatment with corticosteroids. In the Hoen 
et al. study [13] on trauma patients with hemorrhagic shock, mortality did not differ 
between responders and non-responders to ACTH (<250 nmol/L cortisol increase). 
 
Baseline and increases upon ACTH  
In acute medical disease like sepsis, non-survivors had higher baseline and post-
ACTH cortisol values than survivors [1,14]. In the Barquist et al. study on surgical 
patients [21], a higher percentage of non-responding RAI patients (baseline cortisol 
<414, or between 414 and 550 with a post-ACTH peak <690 nmol/L) than responders 
died, in spite of treatment by corticosteroids, but numbers were small while only 2 
deaths among the 4 of 7 non-responding patients who died were attributable to sepsis 
and critical illness. In the 34 non-responders of the Rivers et al. study on surgical 
patients [24], mortality was lower in the hydrocortisone-treated group than in the 
untreated group, but the predictive value of ACTH responsiveness was not studied. 
Treatment with hydrocortisone in surgical ICU patients improved survival among 
patients with RAI [24], so that RAI could be regarded as a mediator for death, although 
the study was not designed with mortality as the primary outcome measurement. 
ACTH test results apparently did not predict the lack of effect on outcome of vascular 
surgery patients by treatment with corticosteroids [30]. 
 Moran et al. [17] concluded that an increasing baseline and a decreasing 
cortisol increase in septic shock augmented the risk of dying. Annane et al. [22] 
distinguished 3 groups with a combination of baseline and increases in cortisol in 189 
septic shock patients and indicated three levels of patient prognosis with these groups. 
As in other studies [15,25], non-survivors had higher baseline cortisol levels and lower 
increments after ACTH administration, while treated more often with hydrocortisone 
than survivors [22]. In a smaller study [23], however, mortality did not differ between 
responders and non-responders, all receiving hydrocortisone, while the pretreatment 
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cortisol status between survivors and non-survivors did not differ either. Taken 
together, the literature on the predictive value of ACTH/cortisol patterns for (steroid-
induced modification of) mortality is highly heterogeneous. Moreover, the predictive 
value should be independent of accepted predictors and organ failure, if supporting the 
concept of RAI, and we will now address the available evidence thereof. 
 
 
Relative adrenal insufficiency as a marker or as a mediator of 
mortality? 
 
Even if RAI may have some prognostic significance, the question remains whether RAI 
is a marker or mediator of severe illness contributing to death in the ICU. Indeed, an 
association between RAI and mortality that largely depends on severity of underlying 
disease and organ failure, could argue in favour of a marker rather than a mediator 
role. We will now briefly review the relation between ACTH/cortisol patterns and 
severity of disease, as expressed by scoring systems. Again, the severity of disease-
dependency of the relation between ACTH/cortisol patterns and mortality appears 
highly heterogeneous. 
 
Random/baseline cortisol  
In critical illness, the HPA axis is activated, directly relating to severity of disease, so 
that cortisol levels relate to Acute Physiology And Chronic Health Evaluation 
(APACHE) II scores, among others [2,3,15]. Higher APACHE II scores correlated to 
baseline (prior to ACTH) cortisol levels also in a study among 159 chronic critically ill 
patients [3] of whom 23% died and the latter had higher APACHE scores and higher 
baseline values, suggesting adaptation of adrenal function to severe stress. This was 
also suggested by Jarek et al. [38] and Jurney et al. [15] in critically ill, who showed a 
correlation of baseline cortisol levels with outcome, somewhat independent of severity 
of disease [38]. However, Rothwell et al. [39] analysed cortisol levels of 260 ICU 
patients in a multiple logistic regression model and concluded that the baseline levels 
were direct predictors for outcome, independent of APACHE II scores. Several authors 
did not find a direct correlation between baseline cortisol levels and disease severity 
during septic shock [18,31,34]. Sam et al. [31] evaluated 100 septic patients and 
observed increasing mortality with higher cortisol levels, independently of APACHE II 
scores, suggesting a contribution of high (!) cortisol levels to mortality, independent of 
disease severity. 
 
Peak cortisol upon ACTH 
Several authors [18,19,27] did not find any relationship between non-responding septic 
patients with peak levels <500 or 550 nmol/L or responders on the one hand and 
APACHE II scores or Simplified Acute Physiology Scores (SAPS) on the other. In 
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critically ill patients, however, the post-ACTH peak may be higher when the APACHE II 
score is high than when it is low [2,15]. 
 
Cortisol increases upon ACTH  
Increases were significantly lower in non-survivors than in survivors among 32 septic 
patients, while the APACHE II scores were only somewhat (not statistically 
significantly) higher in non-survivors [16]. An inverse relationship between cortisol 
increases and disease severity (APACHE II score) was shown by Briegel et al. [20], 
Manglik et al. [27] and Rydvall et al. [12], in septic or critically ill patients, respectively, 
but not by Wade et al. [2]. We have found a similar pattern among 520 ACTH-tested, 
haemodynamically unstable patients with vasopressor-insensitivity, mostly in the 
course of sepsis, in our unit (Figure 1), showing lower increments in patients with 
higher Sequential Organ Failure Assessment (SOFA) scores indicating greater disease 
severity, but there was no additive predictive value for mortality based on the SOFA 
scores, in multivariate analysis (unpublished data). Nevertheless, the inverse relation 
with disease severity, independently of baseline values, suggests a continuum, so that 
abnormality and cutoff values are hard to define and RAI is only poorly quantifiable. 
Nevertheless, the explanation for this inverse relation is lacking, unless increasing 
severity of disease results in a progressive decline in cortisol binding proteins and thus 
a blunted increase in total cortisol levels, for a given adrenal secretion and free cortisol 
level [29]. In contrast, in the Annane et al. study [26], the ACTH non-responders had 
similar disease severity as the responders (increase >250 nmol/L) and yet had higher 
survival rates, when treated by hydrocortisone. Hoen et al. [13] did also not observe 
differences in the SAPS II scores nor in mortality rates between responders and non-
responders (increase <250 nmol/L) among 34 trauma patients, although shock and 
organ failure were more severe in non-responders than in responders.  
 
Baseline and increases upon ACTH 
In a study among 30 ICU patients [2], two groups were created according to the 
patients’ APACHE II scores. One group had an APACHE II score ≤10 and one an 
APACHE II score ≥25. Patients with the higher scores had a higher mortality rate and 
higher cortisol levels, but increases upon ACTH were similar. Hence, the increased 
cortisol levels related to severity of disease and no impairment of adrenal cortisol 
secretion was suggested. In the Oppert et al. study [23] all septic shock patients were 
treated by hydrocortisone but those with RAI, as defined by a baseline cortisol <500 
nmol/L and an increase <200 nmol/L, did not differ in APACHE II scores or mortality 
from those without RAI. Annane et al. [22] developed a multivariate regression model 
and a high baseline/low increment (see above) was predictive for mortality, together 
with (and thus independently of) an ultimately or rapidly fatal underlying disease and 
more than 2 organ system failures. The relative independency of the severity of 
disease could either imply insufficient characterisation of severity of disease or, indeed,  
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Figure 1. Association between cortisol increase and stratified Sequential Organ Failure Assessment (SOFA) score on day of ACTH 
testing among 520 critically ill patients in our unit (unpublished data). (P<0.001, Kruskal-Wallis test.)
 

 

maladaptation of (even baseline) cortisol secretion for the level of stress and thus RAI. 
Similarly, a baseline cortisol >550 nmol/L and an increase <250 nmol/L were 
independent predictors of mortality in multivariate analysis in a retrospective study on 
82 septic patients, whereas organ failure was not [25].  
 
 
Conclusions 
 
We suggest on the basis of the presented material that RAI is a hardly definable 
disease entity or syndrome, even though the concept is appealing. Abnormal 
ACTH/cortisol patterns could reflect severity of underlying disease and remote organ 
failure rather than RAI. Further research into this matter should include objective 
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evaluation of the ACTH/(free) cortisol pattern with the highest and independent 
predictive value for mortality, if there is any, of the pattern with the greatest predictive 
value for corticosteroid responsiveness, and of the outcome after administering stress 
doses of corticosteroids guided by ACTH tests indicative of a poor outcome. Some of 
these studies are underway, and until their publication one could hesitate to diagnose 
RAI and use the results of ACTH testing to guide therapy by corticosteroids in 
vasopressor-insensitive shock. Conversely, (stress) doses of hydrocortisone can be 
safely used in attempts to increase vascular wall sensitivity to vasopressors and 
survival in (septic) shock, even without ACTH testing [37]. 
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Abstract 
 
Background 
Risk factors for a diminished cortisol response to adrenocorticotropic hormone (ACTH) 
in the critically ill could facilitate recognition of relative adrenal insufficiency in the 
critically ill. Therefore, we studied predictors of a low cortisol response to ACTH. 
 
Methods 
A retrospective cohort study was undertaken in a general intensive care unit of a 
university hospital on 405 critically ill patients in a 3-year period, who underwent a 250 
µg ACTH (SynacthenR) stimulation test, because of prolonged hypotension and/or 
need for vasopressor/inotropic therapy. Plasma cortisol was measured prior to and 30 
and 60 min after ACTH injection. A low adrenal response was defined as an increase 
<250 nmol/L or a peak <500 nmol/L. Various clinical variables were collected at 
admission and at the test day. 
 
Results 
A low ACTH response occurred in 63% of patients. Predictors, in multivariate analysis, 
included sepsis at admission, low platelets, low pH and bicarbonate, low albumin 
levels, high Sequential Organ Failure Assessment (SOFA) score and absence of prior 
cardiac surgery, independently of baseline cortisol and intubation with etomidate. The 
baseline cortisol/albumin ratios, as an index of free cortisol, related directly and the 
increases of cortisol/albumin inversely to disease severity indicators such as the 
Simplified Acute Physiology Score II and the SOFA score (rs=-0.21, P<0.001). 
 
Conclusions 
In the critically ill, a low pH/bicarbonate and platelets, and the severity of disease and 
organ failure are predictors of a low adrenocortical response to ACTH, independently 
of baseline cortisol values and cortisol binding capacity in blood. The data may help to 
delineate relative adrenal insufficiency and suggest adrenocortical suppression by 
metabolic acidaemia and coagulation disturbances. 
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Introduction 
 
Acute and severe illness is accompanied by increased serum levels of 
adrenocorticotropic hormone (ACTH) and cortisol [1-21]. Even elevated levels may be 
too low for the level of physiologic stress and may be associated with diminished 
adrenal responsiveness to additional stress, so called relative adrenal insufficiency 
(RAI). The most commonly used test to assess adrenal function is the short ACTH 
stimulation test, in which serum cortisol is measured at baseline and up to 60 min after 
the intravenous administration of 250 µg of synthetic ACTH [2-4,6-12,14,15,17-21]. A 
wide range exists in the prevalence of RAI among critically ill patients, varying from 0 
to 77% [1-15,17-20,22,23]. This is partly due to the heterogeneity of case mix and of 
criteria for a presumably insufficient response of cortisol to ACTH, although a low 
response is most commonly empirically defined by an increase of less than 250 nmol/L 
(9 µg/dL) [4,8-11,15,17-19,22].  
 Although specific signs and symptoms of absolute adrenal insufficiency may be 
lacking, several factors may be associated with RAI [5,7-10,12,13,15,22-24]. 
Remarkably, the literature is scarce and highly controversial on predictors and 
manifestations of RAI. Factors potentially associated with a low adrenal response are 
the presence of sepsis and shock [2,4-9,11-13,15,16,19,22,24], high lactate [10], 
hypoalbuminaemia [14,19], use of etomidate for intubation, mechanical ventilation and 
a low PaO2/FiO2 [7,16,20,22,24,25], antifungal agents [26], high percentage of 
eosinophils [8,12,13,24], low sodium and glucose [12,13], and severe underlying 
disease or organ failure [7,9,10,16,22,23], while the interdependency of these factors is 
unknown [22]. In addition, low albumin and cortisol binding globulin (CBG) levels may 
lower binding capacity in blood and this may decrease total but maintain free cortisol 
levels, so that total cortisol levels may be poor indicators of the adequacy of adrenal 
cortisol secretion, for the physiologic stress of the critically ill patient [6,14,16,19,27-29]. 
Indeed, whilst ACTH has no effect on albumin or CBG levels, the rise in total cortisol 
may be lower for a given rise in free cortisol, when binding capacity is low [14,19,28]. 
Delineation of predictors and characteristics of RAI may help the clinician to select 
patients for the ACTH test. This may be important, since the result of the ACTH test 
may help to guide therapy with corticosteroids and thereby improve outcome, 
particularly of vasopressor-refractory septic shock, even though this can be debated 
[6,8,9,11,13,17].  
  In order to help delineating RAI, the present study was undertaken to evaluate 
predictors of a low ACTH-induced cortisol response, the so called low responders, 
taking the severity of illness, baseline cortisol levels and hypoalbuminaemia into 
account. Therefore, a retrospective cohort study was done on 405 critically ill patients 
in whom an ACTH test was performed in the course of disease in our intensive care 
unit (ICU). The results of this analysis suggest that low pH/bicarbonate and low 
platelets, and severity of disease and organ failure are predictors of a subnormal 
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increase in serum cortisol upon ACTH in a large series of critically ill patients, 
independently of sepsis, baseline cortisol and cortisol-binding. 
 
 
Patients and methods 
 
Study population and ACTH test  
All patients admitted to the Intensive Care Unit of a teaching hospital (VU university 
medical centre) who underwent a short ACTH (tetracosactide-hexa-acetate, 
SynacthenR, Novartis Pharma, Basel, Switzerland) stimulation test in a 3-year period 
were retrospectively included in this retrospective cohort study, if baseline cortisol 
value and 30 and 60 min values after 250 µg of ACTH intravenously were available. 
Informed consent was waived, because the test was performed on clinical and not on 
investigational grounds. The Dutch legislation does not require informed consent for 
retrospective studies, provided results are treated anonymously. The test was 
performed in any patient suspected to have some degree of adrenocortical dysfunction 
on the basis of prolonged hypotension (>6 h requiring repeated fluid challenges) and/or 
need of vasopressors or inotropic drugs. Blood samples for serum cortisol 
measurement were taken immediately before (T=0) and 30 (T=30) and 60 (T=60) min 
after intravenous injection of ACTH. Serum cortisol was measured by competitive 
immunoassay (ASC-180 System, Bayer Diagnostics, Netherlands). The coefficient of 
variation of this measurement is 3% for the intra- and 6% for the interassay variation 
and the detection limit is 30 nmol/L (500 nmol/L=18 µg/dL). Treatment with 
corticosteroids after the test was left to decision of the intensivists. 
 
Data collection  
On the day of admission, general characteristics including age, sex, type of admission 
and underlying diseases were recorded. International classification of disease-10 
definitions were used for common clinical conditions at admission. The severity of 
illness was assessed by calculation of the Simplified Acute Physiology Score II (SAPS 
II, 0-163) and its associated predicted hospital mortality [30], and the Sequential Organ 
Failure Assessment score (SOFA, 0-24) [31], both at admission and the day of ACTH 
test, including haemodynamic, pulmonary, renal, neurological, infectious and 
biochemical parameters. Multiple organ dysfunction was defined by a SOFA ≥7. The 
worst values within a 24 h time period were used to calculate the scores. Missing 
values were regarded as normal. Sepsis at the ACTH test day was defined as the 
presence of systemic inflammatory response syndrome (SIRS) with a positive 
microbiological local (trachea, urine or other) and/or blood culture. SIRS was defined 
as a temperature >38 °C or <35.5 °C , a leukocyte count >12 or <4  x109/L, a heart 
rate >90/min, and a respiratory rate >20/min or the presence of mechanical ventilation. 
Prior use of drugs possibly interfering with adrenocortical function including 
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corticosteroids and antifungal agents [26] from 1 month before until the test day was 
reported, as well as the day of intubation. Etomidate is often used for intubation in our 
institution. Interventions including type and dose of inotropics, treatment with 
corticosteroids, need for mechanical ventilation and renal replacement therapy were 
reported, as well as positive cultures of trachea, urine, blood and other local sites of 
infection from 7 days before to the day of the ACTH test. The Glasgow Coma Scale 
(GCS) score was defined as the GCS prior to sedation in patients on sedatives. A low 
response to ACTH in critical illness, i.e. RAI, was defined by a cortisol increase <250 
nmol/L [4,8-11,15,17-19,22] or as a peak level <500 nmol/L [2,4,5,14,21]. To estimate 
baseline and increase of free cortisol, values were normalized for serum albumin 
(cortisol/albumin ratio) when available (n=332). Mortality was defined as mortality in 
the ICU, until day 28 after admission, or as hospital mortality.  
 
Statistical analysis 
We performed a Fisher’s exact test for categorical variables and a Mann-Whitney-U 
test for continuous variables (SPSS v11, SPSS Inc, Chicago, Ill., USA). All variables 
differing among groups at a P<0.10 level and available for at least 95% (models 1) or 
75% or more (models 2) of the patients were entered in a backward stepwise multiple 
logistic regression model with a low ACTH response, either a low increase (models a) 
or peak (models b), as the dependent variable. Hence, models 1a and 1b (for low 
increase and peak, respectively) did not include albumin levels, while models 2a and 
2b did. When scored both at admission and on the test day, such as the SAPS II and 
SOFA scores, variables on the test day were included only, and either the presence of 
sepsis at admission or on the test day was considered. The Hosmer-Lemeshow test 
was used to evaluate the goodness-of-fit. Odds ratios (95% confidence interval, CI) 
were calculated for categorical data. Final prediction models were validated by a 
bootstrap method for 1000 replicates (Stat v9, StataCorp LP, Tx, USA). We identified 
the maximum number of replicates (validity) as 100% minus the minimum percentage 
(at 5, 10, 20, 50, 80, 90 and 95%) of replicates to reach statistical significance for each 
predictor. The Kruskal-Wallis test was used to compare baseline cortisol levels and 
increases, normalized for albumin levels, in predefined strata of SAPS II and SOFA 
scores. Data are expressed as median (range). A two-sided P<0.05 was considered to 
indicate statistical significance and exact P values are given, unless <0.001.  
 
 
Results 
 
Patient characteristics  
Four hundred five patients were included. Age and sex distribution and mortality rate 
among the study population and all other patients (n=3953) admitted to our ICU during 
the study period did not differ. However, less patients in the study population were 
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admitted after trauma and surgery (P<0.001) and more after heart surgery or 
cardiopulmonary resuscitation, with respiratory failure, shock, renal failure (P<0.001) 
and/or sepsis (P=0.002). Table 1 shows the clinical characteristics of responders and 
low responders (58% for increase <250 nmol/L, 32% for peak <500 nmol/L, and 63% 
for either). Low responders were more often admitted with sepsis and their admission 
SAPS II and SOFA scores were higher than in responders. Accordingly, mortality was 
higher in low responders with an increase <250 nmol/L, while they had received more 
often corticosteroids.  
 
ACTH test  
For the entire population, median baseline cortisol was 360 (30-1870) nmol/L, median 
cortisol increase 210 (-180-1015) nmol/L, and median peak cortisol 610 (30-1950) 
nmol/L. Table 2 describes lower cortisol/albumin ratios in low responders, among 
others. 
 
Predictors 
Table 3 describes statistically significant clinical and biochemical predictors of a 
diminished ACTH response, in univariate analyses. Availability of data is indicated. Of 
the 57 patients with sepsis at admission, 39 had sepsis on the ACTH test day, while 
179 additional patients fulfilled sepsis criteria on the ACTH test day (P=0.021). Disease 
severity was greater in low responders. Heart rate was higher in low responders 
(increase <250 nmol/L) and dependency on vasopressor therapy was greater, and 
they received more often ventilatory support at higher FiO2. Of all patients, 96% were 
intubated and intubation was significantly associated with a low response (peak <500 
nmol/L). Low responders (increase <250 nmol/L) also had a shorter time from 
admission/intubation until the ACTH test than responders. In low responders (cortisol 
increase <250 nmol/L), a lower urinary production was accompanied by higher serum 
creatinine and urea levels. The pH and bicarbonate concentrations were lower in low 
responders. Furthermore, they had lower platelet and albumin levels, and those with 
an increase <250 nmol/L also had a lower glucose and lower percentage of 
eosinophils in blood smears.  
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Table 1. Patient characteristics, according to cortisol responses 
 
 Increase ≥250 

nmol/L 
n=170 

Increase <250 
nmol/L 
n=235 

P Odds ratio 
(95% CI) 

Peak ≥500 
nmol/L 
n=276 

Peak <500 
nmol/L 
n=129 

P Odds ratio 
(95% CI) 

         
Age, years 63 (17-88) 65 (15-93)   65 (17-93) 61 (15-89)   
Sex, m/f 110 (65)/ 

60 (35) 
151 (64)/ 
84 (36) 

  169 (61)/ 
107 (39) 

92 (71)/ 
37 (29) 

0.058 0.64 
 (0.40-1.00) 

Underlying disease category        
cardiovascular 92 (54) 99 (42) 0.020 0.62 

(0.42-0.92) 
138 (50) 53 (41)   

renal 2 (1) 6 (3)   4 (1) 4 (3)   
pulmonary 10 (6) 20 (9)   21 (8) 9 (7)   
hepatic 1 (1) 12 (5) 0.010 9.09  

(1.17-70.63)
7 (3) 6 (5)   

gastro-intestinal 11 (6) 26 (11)   19 (7) 18 (14) 0.026 2.19  
(1.11-4.33) 

neurological 13 (8) 15  (6)   20 (7) 8 (6)   
endocrinological 18 (11) 27 (11)   35 (13) 10 (8)   
malignancy 19 (11) 32 (14)   35 (13) 16 (12)   
Admission syndromes*        
trauma and 
postoperative 

79 (46) 92 (39)   114 (43) 57 (44)   

cardiac surgery 39 (23) 26 (11) 0.002 0.42 
(0.24-0.72) 

47 (17) 18 (14)   

vascular surgery 8 (5) 17 (7)   17 (6) 8 (6)   
respiratory failure 47 (28) 72 (31)   85 (31) 34 (26)   
post-CPR 14 (8) 10 (4)   20 (7) 4 (3)   
sepsis 12 (7) 45 (19) <0.001 3.12  

(1.59-6.10) 
31 (11) 26 (20) 0.021 2.00 

 (1.13-3.52) 
shock 5 (3) 16 (7)   16 (6) 5 (4)   
renal insufficiency 6 (4) 11 (5)   9 (3) 8 (6)   
coma 3 (2) 8 (3)   8 (3) 3 (2)   
other 35 (21) 58 (25)   49 (18) 26 (20)   
Admission SAPS II 36 (0-95) 44 (9-94) <0.001  39 (7-95) 42 (0-94)   
Admission SOFA 8 (0-17) 9 (0-22) 0.001  8 (0-18) 9 (0-22) 0.018  
Corticosteroids  
after test 

102 (60) 185 (79) <0.001 2.47  
(1.59-3.82) 

181 (66) 106 (82) 0.001 2.42 
 (1.45-4.05) 

ICU mortality 24 (14) 63 (27) 0.002 0.45  
(0.27-0.75) 

54 (20) 33 (26)   

Of CS-treated           
patients 

16 (16) 48 (26) 0.054 0.53 
(0.28-0.99) 

37 (13) 27 (21)   

Of non-CS-treated 
patients 

8 (12) 15 (30) 0.018 0.31  
(0.12-0.81) 

17 (6) 6 (5)   

Hospital mortality 48 (28) 109 (46) <0.001 0.45  
(0.30-0.69) 

103 (37) 54 (42)   

         
Median (range) or number (%), where appropriate. Exact P values <0.10. CI: confidence interval; CPR: cardiopulmonary 
resuscitation. SAPS II: simplified acute physiology score II; SOFA: Sequential Organ Failure Assessment; ICU: intensive care unit; 
CS: corticosteroids; *patients may have more than one condition. All variables were scored for 100% of the patients. 500 nmol/L=18 
µg/dL cortisol. 
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Table 2. Results of the ACTH test 
 
 Increase ≥250 

nmol/L 
n=170 

Increase <250 
nmol/L 
n=235 

P Peak ≥500 
nmol/L 
n=276 

Peak <500 
nmol/L 
n=129 

P 

       
Baseline cortisol, nmol/L 323 (40-1160) 375 (30-1870) 0.014 435 (49-1870) 220 (30-475) <0.001 
Baseline cortisol/albumin, 
nmol/g 

21.6 (2-66) 29.0 (1-198) <0.001 28.6 (2-198) 16.5 (1-62) <0.001 

T=30 cortisol, nmol/L 635 (255-1740) 475 (30-1910) <0.001 640 (290-1910) 350 (30-485) <0.001 
T=60 cortisol, nmol/L 710 (335-1720) 510 (30-1950) <0.001 690 (350-1950) 375 (30-495) <0.001 
Peak cortisol, nmol/L 710 (335-1740) 520 (30-1950) <0.001 695 (500-1950) 385 (30-495) <0.001 
Peak <500 nmol/L 20 (12) 109 (46) <0.001 na na  
Cortisol increase, nmol/L 358 (250-1015) 130 (-180-245) <0.001 268 (-180-1015) 135 (-100-373) <0.001 
Cortisol increase/albumin, 
nmol/g 

21.7 (8-54) 8.0 (-8-43) <0.001 17.1 (-8-54) 9.7 (-8-43) <0.001 

Cortisol increase <250 nmol/L na na  126 (46) 109 (84) <0.001 
       
Median (range) or number (%), where appropriate. Exact P values <0.10. Na: not applicable. 500 nmol/L=18 µg/dL cortisol. 
 

 
 
Correlations and multivariate analyses  
Increases in cortisol hardly related to baseline values (rs=-0.17, P=0.001). Both 
baseline values and increases somewhat related directly to albumin levels (minimum 
rs=0.17, P=0.002). Baseline and increases in cortisol levels related directly and 
inversely to SAPS II (minimum rs=0.25, P<0.001), respectively, and SOFA scores 
(minimum rs=0.12, P=0.015). Fig. 1 shows the relation between strata of SAPS II 
scores and baseline and increases in the cortisol/albumin ratio, as an index of free 
cortisol, suggesting a relation between severity of illness on the one hand and free 
cortisol and diminished rises upon ACTH on the other hand (minimum rs=-0.22, 
P<0.001). Similarly, strata of SOFA scores showed direct and inverse relations with 
baseline cortisol/albumin ratios and ACTH-induced increases in cortisol/albumin 
(P=0.003 and P=0.001), respectively. Cortisol increases and cortisol increases/albumin 
related to platelet counts, pH and bicarbonate (P=0.006 or lower). 
 Table 4 shows the results of multivariate analyses, using variables available in 
95% or more (models 1a and 1b) or 75% or more (models 2a and 2b), for predicting 
low increases or peaks. The results show that high SOFA, low platelets, low pH, low 
bicarbonate and low albumin levels were, in descending order, most frequent 
predictors for a low response, independently of each other and of baseline cortisol, 
while prior cardiac surgery protected. Modeling the data with inclusion of sepsis on the 
test day rather than at admission to predict a cortisol increase <250 nmol/L yielded 
similar results for platelet counts, pH, albumin and cardiac surgery, independently of 
SOFA, baseline cortisol and time from admission/intubation until test and use of 
etomidate. 
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Figure 1. A. Association between baseline cortisol/albumin and Simplified Acute Physiology Score II (SAPS II in 5 strata; P<0.001, 
Kruskal-Wallis test). B. Association between ACTH-induced increases in cortisol/albumin and SAPS II strata (P=0.002, Kruskal-
Wallis test). 
 
 
 
 
Table 4. Predictors of a low ACTH response in multivariate analysis 
 
 Increase ≥250 nmol/L 

Odds ratio (95% CI) 
P Validity Peak <500 nmol/L 

Odds ratio (95% CI) 
P Validity 

 Model 1a, n=404   Model 1b, n=403   
Positive other local culture na   2.40 (1.32-4.37) 0.004 <5% 
Sepsis at admission 2.34 (1.13-4.84) 0.022 <5% na   
SOFA test day 1.11 (1.03-1.18) 0.003 50-80% 1.11 (1.01-1.21) 0.024 50-80% 
Baseline cortisol, nmol/L 1.001 (1.000-1.002) 0.045 50-80% 0.987 (0.985-0.990) <0.001 >95% 
Platelets, 109/L 0.998 (0.996-1.000) 0.031 50-80% 0.997 (0.994-1.000) 0.044 50-80% 
Bicarbonate, mmol/L na   0.91 (0.86-0.97) 0.003 80-90% 
Cardiac surgery 0.48 (0.26-0.86) 0.013 90-95% na   
Arterial pH 0.011 (0.001-0.185)  0.002 >95% na   
       
 Model 2a, n=330   Model 2b, n=332   
SOFA test day na   1.19 (1.09-1.30) <0.001 90-95% 
Heart rate, b/min 1.015 (1.003-1.028) 0.015 50-80% na   
Platelets, 109/L 0.997 (0.995-0.999) 0.009 50-80% na   
Baseline cortisol, nmol/L na   0.986 (0.983-0.990) <0.001 >95% 
Albumin, g/L 0.93 (0.90-0.97) 0.001 90-95% 0.92 (0.87-0.97) 0.003 80-90% 
Cardiac surgery 0.40 (0.20-0.79) 0.008 >95% na   
Arterial pH 0.002 (0.0001-0.048) <0.001 >95% na   
       
Models 1 and 2 included all univariate significant variables which were available in at least 95% and 75% of patients, respectively (see 
text). Validity was assessed by bootstrap analysis (see Methods). CI: confidence interval; na: not applicable; SOFA: Sequential Organ 
Failure Assessment. Hosmer-Lemeshow test for model 1a: X2=9.2, df=8, P=0.32; model 1b: X2=4.4, df=8, P=0.82; model 2a: X2=13.2, 
df=8, P=0.11; model 2b: X2=10.0, df=8, P=0.26. 
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Discussion 
 
The main finding of this study comprising the largest series of ACTH tests in general 
ICU patients hitherto reported, is the predictive value of a set of clinical parameters for 
RAI during critical illness. The set consisted of a low arterial pH, low bicarbonate, low 
platelets and high SOFA score, particularly in non-cardiac (surgery) patients, and 
independently of sepsis, interval to test, intubation with etomidate, baseline cortisol 
and albumin levels. The results do not only help to predict a diminished response upon 
ACTH, but also to gain insight into the pathophysiological mechanisms of a low 
response and significance of RAI. A low pH/bicarbonate predictive for RAI can be 
explained by underlying circulatory insufficiency and perhaps adrenal hypoperfusion, 
or by metabolic acidosis directly suppressing adrenal cortisol synthesis [33]. However, 
lactate levels did not differ among responders and low responders, thereby arguing 
against the former. The contribution of low platelets to a low response, independently 
of sepsis or infection, may be caused by circulating factors promoting platelet 
aggregation and impairing adrenal function or may be associated with adrenal 
microcirculatory thrombosis or bleeding, known to impair cortisol synthesis [34].  We 
used a cortisol increase of 250 nmol/L and a peak level of 500 nmol/L as the cutoff 
values to define RAI [2,4,5,8-11,14,15,17-19,21,22], even though our data indicate a 
continuum of baseline cortisol and increases in cortisol values rather than a bimodal 
distribution. We did not exclude patients with very low baseline cortisol values or 
increases, partly attributable to low protein binding during critical illness [14,19], 
thereby contributing to poor differentiation between absolute adrenocortical 
dysfunction and RAI. Although widely varying definitions and cutoff values have been 
used and corresponding prevalences of RAI greatly differ between studies, an 
increase <250 nmol/L seems to be associated with the highest predictive value for 
steroid responsiveness of septic shock and mortality, although this can be debated 
[6,8,9,11,13,17]. In any case, low increases can only be partly attributed to high 
baseline cortisol values and the prevalence of RAI seems to accord with the literature 
[6,7,9,10,13,15,22,23].  
 None of the classic signs and symptoms associated with adrenal insufficiency 
like fever, hyponatraemia and hyperkalaemia were predictive for RAI in our patients, 
even though the blood glucose level was somewhat lower in low responders. Other 
authors demonstrated an association of relative eosinophilia with a low response to 
ACTH [8,12,13,24]. A lower percentage of eosinophils among low responders in our 
study can be attributed to somewhat higher baseline cortisol levels. In any case, 
advanced age was not a predictor, in accordance with many other reports 
[8,13,15,22]. While prior cardiovascular disease or cardiac surgery was not associated 
with RAI, sepsis at admission, which was already present at admission in about 20% 
of low responders, was an independent predictor for a low response, in agreement 
with the literature on the high incidence of RAI in patients with sepsis and shock [4,5,7-
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9,11-13,16,19,22,24]. Plasma from patients with septic shock impairs synthesis of 
corticosteroids by adrenocortical cells [32]. We evaluated predictors in patients having 
sepsis at admission and meeting criteria at the time of the ACTH test separately, and 
they appeared similar, in multivariate analyses. Since sepsis on the test day occurred 
in about 57% of low responders and was not an independent predictor, we cannot 
exclude the occurrence of RAI in non-septic hypotensive patients. Low responders 
(increase <250 nmol/L) were more often treated by vasopressors, in agreement with 
the literature [5,7,8,10,15,22,24]. Etomidate, commonly used for endotracheal 
intubation, is an inhibitor of 11ß-hydroxylase in the cortisol synthesis. A single bolus of 
etomidate has been shown to transiently diminish response to ACTH in critically ill 
patients [16,20,22,25]. Indeed, depression of adrenal function by etomidate may be 
transient, lasting for at least 24 hours [20,22,25]. However, in our study intubation with 
the help of etomidate and the time between intubation and the test were associated 
with a low response in univariate analysis, but not in multivariate analysis. Mechanical 
ventilation did not predict a low ACTH response either, in contrast to the literature 
[17,24]. Similarly, prior treatment with cytochrome P450 and 11ß-hydroxylase-
inhibiting fluconazole for fungal infection did not predict RAI in our study, in agreement 
with the literature [26].  
 This study has some limitations. By virtue of study design and rationale, the 
patients studied represent a selected group. We did not separately score for head 
trauma in our patients, which may pose a risk for endocrine dysfunction. 
Nevertheless, a GCS below 8 in the presence of trauma did not contribute to 
prediction of a low cortisol (peak or increase). The CBG and free cortisol levels were 
not directly measured and we may have underestimated baseline free cortisol levels 
and rises upon ACTH, as pointed out earlier [6,14,16,19,27-29]. However, we used 
albumin levels to estimate free cortisol, since albumin may also bind cortisol, albeit 
less than CBG, and both albumin and CBG levels may decrease to the same extent in 
critical illness [16,19,27-29]. Hamrahian et al. [14] also used blood albumin levels as a 
surrogate marker of plasma cortisol binding capacity. Low albumin levels were 
associated with low baseline cortisol values and increases. However, 
hypoalbuminaemia independently increased the risk of a low response, suggesting 
that the latter was only partly caused by diminished cortisol binding proteins, in 
agreement with Ho et al. [19], but in contrast to Hamrahian et al. [14], who attributed a 
low total cortisol response mainly to low serum cortisol binding capacity. In groups 
divided on the basis of the Hamrahian et al. criterion of an albumin level of less 
(n=309) or greater than 25 g/L (n=23), there were no differences in baseline cortisol 
values and increases. Moreover, our results with high baseline levels and low 
increases of cortisol associated with increasing severity of disease (Fig. 1) and organ 
failure were not affected by cortisol binding, and the multivariate predictors of low 
responses were independent of baseline cortisol and albumin levels. Some but not all 
[1-3] literature indeed suggests increasing (total) cortisol values and diminished 
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ACTH-induced increases with increasing APACHE II or other disease severity and 
organ failure scores, unless limited by progressive and severe hypoalbuminaemia and 
decreased cortisol binding [1-3,7,10,19,21-23]. Hence, the diminished (total and free) 
cortisol response to ACTH was a marker of severity of disease in our critically ill 
patients. Nevertheless, we cannot decide, whether the free cortisol response to ACTH 
was sufficient for the ability to cope with additional stress, or not. Conversely, the 
existence of RAI can be doubted when baseline (free) cortisol levels are high or when 
250 µg ACTH is regarded as a supraphysiologic stimulus [5,18,24]. 
 
 
Conclusions 
 
We conclude that low pH/bicarbonate and low platelets, and severity of disease and 
organ failure are predictors of a subnormal increase in serum cortisol upon ACTH in a 
large series of critically ill patients, independently of sepsis, baseline cortisol and 
cortisol-binding. This suggests adrenocortical suppression by metabolic acidaemia 
and coagulation disturbances. Even though increases in cortisol form a continuum and 
the cutoff values chosen are relatively arbitrary, the results may help to better define 
RAI, which may be associated with increased mortality. 
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Abstract 
 
Objective  
To evaluate the concept of relative adrenal insufficiency (RAI) necessitating 
corticosteroid therapy in septic shock. 
 
Design  
Retrospective study. 
 
Setting  
Medical-surgical intensive care unit (ICU) of a university hospital. 
 
Patients  
218 consecutive patients with septic shock in a 3 year period, who underwent a short 
250 µg adrenocorticotropic hormone (ACTH) test because of >6 h hypotension 
requiring repeated fluid challenges and/or vasopressor/inotropic treatment. 
 
Interventions 
The test was performed by i.v. injecting 250 µg of synthetic ACTH and measuring 
cortisol immediately before and 30 and 60 minutes post-injection. 
 
Measurements and main results  
ICU mortality until day 28 was 22%. Non-survivors had greater disease severity, as 
exemplified by higher Simplified Acute Physiology Score (SAPS) II and Sequential 
Organ Failure Assessment (SOFA) scores, on the day of ACTH testing. Cortisol levels 
directly correlated with albumin levels. SAPS II and SOFA increased with higher strata 
of baseline cortisol/albumin or lower cortisol increase/albumin ratios as measures of 
free cortisol. Baseline cortisol, cortisol increases and albumin levels did not 
independently contribute to mortality prediction by disease severity and absence of 
corticosteroid (hydrocortisone) treatment in Cox proportional hazard model, although 
ACTH-induced cortisol increase <100 nmol/L (n=53) predicted mortality (P=0.007). 
Post-test treatment by corticosteroids (n=161, 74%) was associated with higher 
survival in patients with cortisol increase <100 nmol/L (P=0.0296). 
 
Conclusions  
In ICU patients with septic shock, the cortisol response to ACTH inversely relates to 
disease severity, independent of blood cortisol binding. An ACTH-induced cortisol 
increase <100 nmol/L predicts mortality and beneficial effects of corticosteroid 
treatment. The data favour RAI. 
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Introduction 
 
Activation of the hypothalamic-pituitary-adrenal axis is an important hormonal response 
to disease and serves to adapt the organism to physiological stress [1-3]. A blunted 
adrenal corticosteroid production during critical illness, particularly septic shock, has 
been termed relative adrenal insufficiency (RAI), in which cortisol serum levels, even 
when supranormal, are considered insufficient for the degree of stress, as manifested 
by a poor response to additional stimuli [1,4-15]. The latter could indicate transiently 
diminished adrenal reserve, in the absence of structural defects [7]. Even relatively high 
circulating cortisol levels combined with a diminished rise upon 250 µg of 
adrenocorticotropic hormone (ACTH) intravenously, the standard test to evaluate 
adrenocortical function, may be associated with severe disease and high mortality [1-
6,8-20]. However, it is unknown whether ACTH/cortisol responses  in severe sepsis 
and septic shock are caused by, or contribute to critical illness and thus have a marker 
or mediator role with regard to mortality. For instance, low levels of cortisol binding 
proteins and hypoalbuminaemia in the course of severe disease may lower total 
cortisol levels and responses to ACTH, independently of free cortisol levels and in the 
absence of RAI [9,21-26]. Nevertheless, hydrocortisone substitution therapy may have 
beneficial effects on haemodynamics and outcome of patients with septic shock 
needing vasopressor/inotropic treatment, particularly when associated with a 
diminished ACTH response, e.g. cortisol increase <250 nmol/L 
[5,6,9,10,12,15,17,20,27,28]. However, this is still controversial, according to widely 
accepted treatment guidelines, and subject to further study [14,19,27,29,30].  
 To evaluate the concept of RAI necessitating corticosteroid substitution therapy 
in septic shock, we hypothesized that cortisol responses to ACTH are well adapted to 
severity of disease and do not predict the outcome benefit of corticosteroid treatment. 
Therefore, a retrospective cohort study was undertaken in 218 consecutive patients 
with septic shock in whom an ACTH test was performed in our intensive care unit 
(ICU).  
 
 
Patients and methods 
 
Study population and ACTH test  
Informed consent was waived, because the ACTH test was performed on clinical and 
not on investigational grounds. The Dutch legislation does not require informed 
consent for retrospective studies, provided results are treated anonymously. We 
retrospectively included all consecutive patients admitted to the 28-bed ICU of a 
university hospital (Vrije Universiteit medical centre) in a 3-year period who had septic 
shock and underwent a short ACTH (tetracosactide-hexa-acetate, SynacthenR, 
Novartis Pharma, Basel, Switzerland) stimulation test with availability of baseline 
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cortisol and 30 and 60 minute values after 250 µg of ACTH intravenously. Patients 
with known abnormalities of the hypothalamic-pituitary-adrenal axis were excluded. 
Sepsis at the ACTH test day was defined as the presence of systemic inflammatory 
response syndrome (SIRS) with a positive microbiological local (urine, trachea or 
other) and/or blood culture. SIRS was defined as two or more of the following criteria: 
a temperature >38 °C or <35.5 °C , a leukocyte count >12 or <4 x109/L, a heart rate 
>90/min, and a respiratory rate >20/min or the presence of mechanical ventilation. 
Patients were classified as having septic shock when systolic blood pressure was 
<100 mm Hg or mean arterial pressure <60 mm Hg requiring repeated fluid challenges 
and/or vasopressor/inotropic treatment. ICU-acquired sepsis was defined as sepsis 
with onset >48 h of admission. The ACTH test was performed in any patient 
suspected to have some degree of adrenocortical dysfunction, because of >6 h 
hypotension (<100 mm Hg systolic) requiring repeated fluid challenges and/or 
vasopressor/inotropic treatment. Blood samples for serum cortisol measurement were 
taken immediately before (T=0) and at T=30 and T=60 minutes after intravenous 
injection of ACTH and the highest of T=30 and T=60 for peak response and its 
increase relative to baseline values were taken. We determined the absolute and 
proportional change  (∆%) between baseline cortisol and the peak response to ACTH 
[13]. Cortisol was measured by competitive immunoassay (ASC-180 System, Bayer 
Diagnostics, Netherlands). The coefficient of variation of this measurement is 3% for 
the intra- and 6% for the interassay variation and the detection limit is 30 nmol/L (500 
nmol/L=18 µg/dL). Baseline cortisol levels and peak responses to ACTH of 165-500 
nmol/L and >500-550 nmol/L are considered normal, respectively, with ACTH-induced 
increases in cortisol exceeding 200-250 nmol/L [2,3,5,6,10,14,16,17]. The decision to 
administer hydrocortisone (starting at 100 mg intravenously, q 8 hours) was taken on 
clinical grounds by the attending intensivist, awaiting ACTH test results. If the test was 
considered normal, hydrocortisone, when started, was discontinued, if possible, on 
clinical grounds. Dexamethasone administration was recorded when given for other 
reasons than (suspected) RAI. No patients were treated with ketoconazole.  
 
Data collection  
General characteristics including age, sex, type and reason of admission and 
underlying diseases were recorded. Cortisol/albumin ratios were calculated as an 
indicator of free cortisol [24]. Severity of disease was assessed by calculation of the 
Simplified Acute Physiology Score II (SAPS II, 0-163) [31] and the Sequential Organ 
Failure Assessment score (SOFA, 0-24) [32], both at admission and the day of ACTH 
test, including haemodynamic, pulmonary, renal, neurological, infectious and 
biochemical parameters. Multiple organ dysfunction was defined by a SOFA ≥7. The 
worst values within a 24 h time period were used to calculate the scores. Missing 
values were regarded as normal. Cardiovascular SOFA scores (0-4, with high values 
indicating hypotension and/or vasopressor/inotropic therapy) as an indicator of 
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haemodynamic status were reported separately. Interventions including type and 
doses of vasopressors/inotropes, intubation and need for mechanical ventilation, and 
renal replacement therapy, were recorded. Use of etomidate for intubation was 
recorded. In addition, culture results from blood, tracheal aspirate, urine or other local 
site from 7 days before ACTH testing to the day of testing were collected. After the day 
of testing the following data were recorded: start and duration of treatment with 
corticosteroids (hydrocortisone or dexamethasone), outcome in the ICU until day 28 of 
ICU stay at maximum, length of ICU stay and hospital mortality.  
 
Statistical analysis 
In comparing groups, univariate analyses were done using the Fisher's exact test for 
categorical variables and the Mann-Whitney-U test for continuous variables (SPSS 
v11, SPSS Inc, Chicago, Ill., USA). Multiple groups were compared with help of the X2 
and Kruskal-Wallis tests. The non-parametric Spearman rank correlation coefficient 
was calculated to express relations between variables. Receiver operating 
characteristic curves were made to evaluate the predictive value for outcome of 
cortisol levels and the levels with the highest sensitivity and specificity. We performed 
stepwise backward Cox proportional hazards modeling to evaluate the contribution of 
disease severity (SAPS II/SOFA scores), cortisol and albumin levels, corticosteroid 
treatment and other variables differing between outcome groups at the P<0.10 level, to 
ICU mortality at day 28. Models were made with or without entering comorbidity and 
disease severity variables. Hazards ratios and 95% confidence intervals (CI) were 
calculated. Kaplan-Meier curves were made and a log-rank test was performed to 
evaluate effect of corticosteroid treatment on survival duration in strata according to 
the ACTH cortisol response. We performed the three-dimensional X2 test to evaluate 
the difference in mortality rate between patients not treated and patients treated with 
corticosteroids post-testing among two strata of cortisol increase <, ≥100 nmol/L. Data 
are expressed as median (range). A two-sided P<0.05 was considered to indicate 
statistical significance and exact P values are given, unless <0.001.  
 
 
Results 
 
Patient characteristics  
Two hundred eighteen patients were included. Table 1 shows the clinical 
characteristics. The overall ICU mortality rate until day 28 was 22%. Hospital mortality 
was 41%. Admission SAPS II and SOFA were higher in non-survivors.  
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Table 1. Characteristics of survivors and non-survivors at day 28 
 
 Survivors 

 n=171 
Non-survivors 

 n=47 
P 

    
Age, years 61 (15-92) 62 (18-92) 0.069 
Sex, m/f 108 (63)/63 (37) 33 (70)/14 (30) 0.395 
Underlying disease category   
cardiovascular 67 (39) 22 (47) 0.403 
renal 4 (2) 0 0.580 
pulmonary 11 (6) 5 (11) 0.346 
hepatic 0 3 (6) 0.010 
gastro-intestinal 19 (11) 6 (13) 0.797 
neurological 19 (11) 1 (2) 0.083 
endocrinological 20 (12) 6 (13) 0.803 
malignancy 15 (9) 14 (30) 0.001 
Admission syndromes*   
trauma and postoperative 69 (40) 7 (15) 0.001 
cardiac surgery 24 (14) 1 (2) 0.020 
vascular surgery 7 (4) 1 (2) 1.000 
respiratory failure 61 (36) 16 (34) 0.865 
post-CPR 8 (5) 8 (17) 0.009 
shock 7 (4) 4 (9) 0.257 
sepsis 27 (16) 12 (26) 0.135 
renal insufficiency 8 (5) 1 (2) 0.688 
coma 4 (2) 0 0.580 
other 29 (17) 10 (21) 0.521 
ICU-acquired sepsis 132 (86) 22 (47) <0.001 
Admission SAPS II 36 (0-86) 59 (16-87) <0.001 
Admission SOFA 8 (0-18) 11 (4-19) <0.001 
Prior corticosteroid treatment 36 (21) 3 (6) 0.018 
Hydrocortisone after test 110 (64) 28 (68) 0.702 

duration, days 15 (1-154) 7 (1-22) <0.001 
cumulative dose, mg 2163 (100-13663) 1250 (100-4600) 0.012 

Dexamethasone after test 17 (10) 6 (13) 0.777 
Length of stay, days 28 (2-190) 12 (1-28) <0.001 
    
Data are expressed as median (range) or number (%), where appropriate; CPR: cardiopulmonary resuscitation; 
ICU: intensive care unit; SAPS II: Simplified Acute Physiology Score II; SOFA: Sequential Organ Failure 
Assessment score; *patients may have more than 1 condition. 
 

 
 
ACTH test, disease severity, corticosteroid treatment and outcome 
ACTH testing (Table 2) was done a few days later after admission in survivors than in 
non-survivors, because of a higher frequency of ICU-acquired sepsis in the former. 
Baseline cortisol levels and ACTH responses were highly heterogeneous both in 
survivors and in non-survivors, while albumin levels, available in 82% of patients, did 
not differ among outcome groups. One hundred thirty eight patients (63%) had a 
cortisol increase <250 nmol/L, of whom 103 (60%) were survivors  and 35 (74%) non-
survivors (P=0.088). Seventy-one patients (33%) had a peak cortisol <500 nmol/L, and 
29% had both. In contrast, 34 (20 %) of survivors and 19 (40%) of non-survivors had a 
cortisol increase upon ACTH <100 nmol/L (P=0.007). ∆% did not differ between 
survivors and non-survivors (P=0.066). The SAPS II and SOFA scores on the  ACTH 
test day were higher in non-survivors than in survivors (P<0.001). Relatively more 
patients on vasopressors/inotropes, received corticosteroids. Of all patients, 31 (14%) 
were not treated with vasopressor/inotropic treatment on the test day, while 16 
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patients had received the drugs within 1 week prior to the ACTH test. One hundred 
sixty one patients (74%) were treated with corticosteroids, not differing among 
outcome groups. Survivors were treated with corticosteroids for a longer period and at 
higher cumulative doses than non-survivors, because of their longer lengths of stay. 
Of the patients treated with corticosteroids, survivors showed a decrease in 
cardiovascular SOFA score in the first week after the ACTH test, as compared to non-
survivors, while untreated patients showed no change in the score.  
 
Correlations  
Both T=30, T=60 cortisol levels and increases in cortisol after ACTH related to albumin 
levels (minimum rs=0.27, P<0.001). Increases poorly related to baseline cortisol values 
(rs=-0.20, P=0.008) in survivors but not in non-survivors. Peak values related to 
baseline values and increases in cortisol (rs=0.71 and 0.46 respectively, P<0.001), 
similarly in survivors and non-survivors. Absolute cortisol increases directly related to 
∆% (rs= 0.87, P<0.001). Baseline and increases in cortisol related to SAPS II and 
SOFA scores, directly and inversely (minimum rs=0.21, P=0.002), respectively. 
Similarly, ratios of baseline or increases in cortisol to albumin related to SAPS II and 
SOFA scores, directly and inversely (minimum rs=-0.25, P=0.001), respectively. 
Baseline cortisol levels, cortisol increases nor ∆% correlated with length of ICU stay. 
In Fig. 1A, various strata of SAPS II scores are plotted against mortality, showing that 
the score well predicted mortality. In Fig. 1B, the various strata of increases in 
cortisol/albumin values are plotted against SAPS II. There was no statistically 
significant association between strata of increases in cortisol/albumin ratios and 
mortality (Fig. 1C). 
 
Predictive values of ACTH/cortisol response and corticosteroid treatment  
The cortisol increase with the greatest discriminative value for outcome in the receiver 
operating characteristic (ROC) curve was 100 nmol/L with a sensitivity (prediction of 
mortality) of 40%, specificity (prediction of survival) of 80% and a likelihood ratio of 
2.03 (area under the ROC curve 0.61, P=0.020). Similarly, the cortisol 
increase/albumin ratio with the greatest discriminative value was 15 nmol/g with a 
sensitivity of 73%, specificity of 49% and a likelihood ratio of 1.42 (area under the 
ROC curve 0.61, P=0.030). A cortisol increase <250 nmol/L had a sensitivity of 75%, 
specificity of 40%, and a likelihood ratio of 1.24 for predicting mortality (P=0.088). A 
cortisol baseline <417 nmol/L had a sensitivity of 70%, specificity of 35%, and a 
likelihood ratio of 1.07 (P=0.604). The ∆% with the greatest discriminative value for 
outcome was 25% with a sensitivity of 40%, a specificity of 77% and a likelihood 
ratio of 1.77. These, other baseline and peak cortisol levels, as well as their 
cortisol/albumin ratios did not predict outcome, in ROC curves. Table 3 shows the 
characteristics and mortality of patients according to the response to ACTH using a 
cutoff of 100 nmol/L and treatment with corticosteroids after the test. Patients with a  
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Table 2.  On and off treatment with corticosteroids and outcome at day 28: ACTH/cortisol test 
and clinical data 
 
 Survivors  

n=171 
Non-survivors  

n=47 
P 

    
CS- n=44 n=13  
Days from admission to test 5 (0-54) 1 (0-4) <0.001 
Albumin, g/L 15 (6-28) 15 (4-28) 0.747 
Baseline cortisol, nmol/L 348 (30-1240) 380 (195-1870) 0.254 
Baseline cortisol <100 nmol/L 3 (7) 0 1.000 
Baseline cortisol <417 nmol/L 29 (66) 8 (62) 0.754 
Baseline cortisol/albumin, nmol/g 25 (1-81)  21 (11-198) 0.939 
Peak cortisol, nmol/L 630 (30-1450) 585 (280-1950) 0.024 
Cortisol increase, nmol/L 263 (0-855) 165 (-180-435) 0.056 
Cortisol increase/albumin, nmol/g 17 (0-47)  9 (1-28) 0.058 
Cortisol increase <100 nmol/L  3 (7) 4 (31) 0.041 
Cortisol increase <250 nmol/L  20 (45) 10 (77) 0.061 
Cortisol increase/albumin <15 nmol/g 12 (27) 7 (54) 0.099 
∆% 80 (0-512) 41 (-11-186) 0.046 
SIRS criteria 3 (2-4) 3 (2-4) 0.114 
Temperature, °C 37.7 (35.0-39.6) 37.7 (34.2-39.1) 0.601 
WBC, x109/L 13.9 (4.7-32.3) 12.6 (0.3-25.6) 0.725 
Bacteraemia 7 (16) 3 (23) 0.680 
Positive culture tracheal aspirate 35 (80) 8 (62) 0.271 
Positive other culture 22 (50) 7 (54) 1.000 
Causative micro-organism*    

Yeasts and fungi 16 (36) 3 (23) 0.467 
Anaerobic Gram+ cocci 12 (27) 1 (8) 0.135 
Nonfermenting Gram- rods 15 (34) 4 (31) 0.688 
Enterobacteriaceae 28 (64) 6 (46) 0.154 
Staphylococci 16 (36) 5 (38) 0.973 
Others 3 (7) 4 (31) 0.019 

MAP, mm Hg 80 (47-110) 79 (61-117) 0.970 
Vasopressors/inotropes 25 (57) 12 (92) 0.022 
Mechanical ventilation 40 (91) 12 (92) 0.564 
Renal replacement therapy 4 (9) 3 (23) 0.333 
SAPS II 30 (8-76) 62 (30-87) <0.001 
SOFA 7 (0-15) 12 (8-17)  <0.001 

Cardiovascular SOFA 2 (0-4) 4 (1-4) 0.007 
Change in first week 0 (-4-2) -1 (-4-0) 0.465 

Multiple organ dysfunction 25 (57) 13 (100) 0.003 
    
Data are expressed as median (range) or number (%), where appropriate; CS: on (+) or off (-) treatment with corticosteroids 
(hydrocortisone or dexamethasone); SIRS: systemic inflammatory response syndrome; WBC: white blood cell count; MAP: mean 
arterial pressure; SAPS II: Simplified Acute Physiology Score II; SOFA: Sequential Organ Failure Assessment score; 1P <0.001-
0.048 CS- versus CS+; *patients may have more than 1; 500 nmol/L=18 µg/dL cortisol.      
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Table 2,  continued 
 
 Survivors  

n=171 
Non-survivors  

n=47 
P 

    
CS+ n=127 n=34  
Days from admission to test 6 (0-91) 2 (0-22) <0.001 
Albumin, g/L 13 (3-33) 12 (5-22) 0.227 
Baseline cortisol, nmol/L 360 (30-1090) 315 (70-1390) 0.144 
Baseline cortisol <100 nmol/L 4 (3) 1 (3) 1.000 
Baseline cortisol <417 nmol/L 83 (65) 25 (74) 0.417 
Baseline cortisol/albumin, nmol/g 29 (3-197) 29 (4-137) 0.930 
Peak cortisol, nmol/L 590 (155-1400)1 480 (165-1420) 0.095 
Cortisol increase, nmol/L 190 (-135-825)1 140 (-70-865) 0.103 
Cortisol increase/albumin, nmol/g 15 (-8-44)  11 (-4-54)  0.135 
Cortisol increase <100 nmol/L  31 (24)1 15 (44) 0.032 
Cortisol increase <250 nmol/L  83 (65)1 25 (74) 0.417 
Cortisol increase/albumin <15 nmol/g 50 (39) 19 (56) 0.118 
∆% 55 (-24-788) 39 (-36-1236) 0.263 
SIRS criteria 3 (2-4) 3 (2-4) 0.032 
Temperature, °C 37.3 (33.0-39.7) 37.1 (33.9-39.7) 0.198 
WBC, x109/L 13.1 (0.6-47.6) 12.7 (0.2-39.4) 0.801 
Bacteraemia 26 (20) 11 (32) 0.170 
Positive culture tracheal aspirate 96 (76) 24 (71) 0.658 
Positive other culture 77 (61) 17 (50) 0.328 
Causative micro-organism*    

Yeasts and fungi 46 (36) 17 (50) 0.187 
Anaerobic Gram+ cocci 23 (18) 8 (24) 0.413 
Nonfermenting Gram- rods 33 (26) 7 (21) 0.420 
Enterobacteriaceae 70 (55) 22 (65) 0.729 
Staphylococci 49 (39) 12 (35) 0.958 
Others 11 (14) 5 (15) 0.568 

MAP, mm Hg 71 (39-108)1 73 (57-108) 0.551 
Vasopressors/inotropes 118 (93)1  32 (94) 1.000 
Mechanical ventilation 125 (98)1  33 (97) 0.512 
Renal replacement therapy 33 (26)1 6 (18) 0.374 
SAPS II 41 (7-85)1  52 (19-97) 0.007 
SOFA 9 (2-21)1 11 (4-21) 0.010 

Cardiovascular SOFA 4 (0-4)1 4 (0-4)1 0.090 
Change in first week -2 (-4-3)1 0 (-4-1) 0.048 

Multiple organ dysfunction 97 (76)1 31 (91) 0.060 
    
Data are expressed as median (range) or number (%), where appropriate; CS: on (+) or off (-) treatment with corticosteroids 
(hydrocortisone or dexamethasone); SIRS: systemic inflammatory response syndrome; WBC: white blood cell count; MAP: mean 
arterial pressure; SAPS II: Simplified Acute Physiology Score II; SOFA: Sequential Organ Failure Assessment score; 1P <0.001-
0.048 CS- versus CS+; *patients may have more than 1; 500 nmol/L=18 µg/dL cortisol.      
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Figure 1. A. Association between strata of Simplified Acute Physiology Score (SAPS) II and mortality (P<0.001). B. Association 
between strata of ACTH-induced increases in cortisol/albumin ratio and SAPS II (P=0.014). C. Association between strata of 
increases in cortisol/albumin and mortality (not statistically significant). Mean±SD. Numbers above bars refer to percentages.  
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low response (<100 nmol/L) had more often bacteraemia, greater disease severity and 
mortality, particularly when not treated with corticosteroids. There were no significant 
differences in prior steroid treatment (P=0.877), frequency of intubation (P=0.080) 
and etomidate use (P=0.108) among the four strata of cortisol increase (<, ≥100 
nmol/L) and corticosteroid treatment. When only including patients receiving 
vasopressor/inotropic treatment on the test day (n=187), 28-day mortality and hospital 
mortality remained highest in patients with a cortisol response <100 nmol/L and not 
receiving corticosteroid treatment (P=0.009 and P=0.002, respectively). Mortality until 
day 28 of patients with cortisol increase ≥100 nmol/L post-test treated with 
corticosteroids was 18%, of patients with cortisol increase ≥100 nmol/L not treated 
with corticosteroids 25%, and of patients with cortisol increase <100 nmol/L treated 
with corticosteroids 30% and of patients with cortisol increase <100 nmol/L not treated 
with corticosteroids 80% (P=0.0124, three-dimensional X2 test). Hospital mortality in 
these strata was 37, 38, 61 and 100% (P=0.0132, three-dimensional X2 test), 
respectively. Table 4 shows the results of Cox proportional hazards models. In model 

 
Table 3. Cortisol increase <100 and ≥100 nmol/L and corticosteroid treatment 
 
 Increase ≥100 nmol/L Increase <100 nmol/L P 
 CS+ CS- CS+ CS-  
 n=115 n=50 n=46 n=7  
      
Albumin, g/L 14 (5-33) 15 (6-28) 12 (3-22)  20 (4-26) 0.022 
Baseline cortisol, nmol/L 335 (30-1090) 358 (98-1240) 383 (120-1390) 555 (30-1870)  
Baseline cortisol/albumin, nmol/g 25 (3-182) 24 (5-85)  43 (10-197) 33 (1-198) <0.001 
Peak cortisol, nmol/L 590 (235-1400) 628 (295-1450) 448 (155-1420) 610 (30-1950) 0.001 
Cortisol increase, nmol/L 235 (100-865) 260 (125-855) 43 (-135-95) 15 (-180-80) na 
Cortisol increase/albumin, nmol/g 17 (4-54) 18 (6-47)  4 (-8-14) 2 (0-6) <0.001 
SIRS  3 (2-4) 3 (2-4) 3 (2-4) 3 (2-4)  
Temperature, °C  37.3 (33.4-39.7) 37.7 (34.2-39.6) 37.2 (33.0-39.2) 37.0 (35.6-39.1)  
WBC, x109/L 13.8 (0.2-47.6) 14.1 (0.6-32.3) 10.3 (0.6-39.4) 12.5 (0.3-19.5)  
Bacteraemia 18 (16) 8 (16) 19 (41) 2 (29) 0.003 
Positive culture tracheal aspirate 86 (75) 37 (74) 34 (74) 6 (86)  
MAP, mm Hg 74 (39-108) 79 (47-117) 69 (52-108) 92 (65-101) 0.006 
Vasopressors/inotropes 106 (92) 32 (64) 44 (96) 5 (71) <0.001 
Mechanical ventilation 113 (98) 46 (92) 45 (98) 7 (100)  
Pre-test etomidate 30 (26) 7 (14) 16 (35)  1 (14)  
Renal replacement therapy 24 (21)   6 (12) 15 (33) 1 (14)  
SAPS II 40 (7-97) 32 (8-87) 50 (22-83) 64 (24-76) <0.001 
SOFA 9 (2-21) 8 (0-17)  11 (4-20) 10 (4-16) <0.001 

Cardiovascular SOFA 4 (0-4) 3 (0-4) 4 (0-4) 2 (0-4)  
Change in first week -2 (-4-3) -1 (-4-2) -3 (-4-1) -1 (-2-0) 0.047 

Multiple organ dysfunction 85 (74) 32 (64) 43 (93) 6 (86) 0.006 
Mortality until day 28 19 (17) 9 (18) 15 (33)1 4 (57)2 0.014 
Hospital mortality 42 (37) 13 (26) 29 (63) 5 (71) 0.001 
      
Data are expressed as median (range) or number (%), where appropriate; CS: on (+) or off (-) treatment with corticosteroids 
(hydrocortisone or dexamethasone); SIRS: systemic inflammatory response syndrome; WBC: white blood cell count; MAP: 
mean arterial pressure; SAPS II: Simplified Acute Physiology Score II; SOFA: Sequential Organ Failure Assessment score; na: 
not applicable; exact P values <0.10; 1P=0.032 and 20.041 versus ≥100 nmol/L (Fisher’ exact test); 500 nmol/L=18 µg/dL 
cortisol.   
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A, entry variables included ACTH/cortisol responses and comorbidity and disease 
severity indicators, while in model B only the former were entered. In building model A, 
albumin levels were included, but when expanding the number of included patients by 
excluding albumin as entry variable, results were similar. ACTH/cortisol responses did 
not appear of predictive value for mortality, independently of disease severity and 
treatment with corticosteroids. Intubation/use of etomidate did not contribute to 
mortality. Treatment with corticosteroids reduced the risk for mortality by an adjusted 
hazard ratio of 2.5 (95% CI 1.11-5.56). Model B shows that the combination of cortisol 
increases and treatment with corticosteroids predicted mortality, independently of 
baseline cortisol values and albumin levels, when variables related to comorbidity and 
disease severity were not entered. When ∆% was entered in models A and B, the 
models remained similar. In building models A and B, we also entered the four strata 
of cortisol increase (<, ≥100 nmol/L) and corticosteroid treatment (CS-, off treatment; 
CS+, on treatment) as categorical variables with the stratum CS- and cortisol ≥100 
nmol/L as reference. In model A, the stratum CS+ and cortisol increase ≥100 nmol/L 
contributed negatively to mortality prediction with a hazard ratio of 0.271 (95% CI 
0.097-0.757, P=0.013), whereas in model B the stratum CS- and cortisol increase 
<100 nmol/L directly contributed to mortality prediction with a hazard ratio of 4.57 
(95% CI 1.21-17.30, P=0.025). Fig. 2 indeed shows that corticosteroid treatment was 
associated with improved survival in patients with a cortisol response <100 nmol/L 
(three-dimensional X2, P=0.0296). This was also the case for hospital mortality (three-
dimensional X2, P=0.0001) and for treatment with hydrocortisone alone (P=0.0011). 
The odds ratios of 28-day mortality in patients not treated and patients treated with 
corticosteroids among two strata of cortisol increase <, ≥100 nmol/L was 1.63 (95% CI 
1.05-2.54), indicating that patients with a cortisol <100 nmol/L benefit most from 
treatment with corticosteroids.  
 
 

 
Table 4. Predictors of mortality at day 28 in Cox proportional hazard models 
 
 Hazard ratios (95% CI) P 
  
Model A, n=179   
Liver disease 8.84 (1.61-48.36) 0.012 
Malignancy 4.64 (1.90-11.37) 0.001 
Post-CPR  4.47 (1.74-11.49) 0.002 
SAPS II test day 1.035 (1.003-1.068) 0.033 
Age, years  1.028 (1.002-1.054) 0.032 
Days from admission until test 0.86 (0.44-0.95) 0.002 
Corticosteroid treatment after test 0.40 (0.18-0.90) 0.026 
   
Model B, n=179   
Cortisol increase <100 nmol/L 2.93 (1.52-5.65) 0.001 
Corticosteroid treatment after test 0.46 (0.22-0.97) 0.041 
   
In model B variables related to comorbidity and disease severity were not entered. CPR: 
cardiopulmonary resuscitation; SAPS II: Simplified Acute Physiology Score II; CI: confidence interval; 
500 nmol/L=18 µg/dL cortisol. 
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Figure 2. Kaplan Meier survival curves until day 28 for strata of cortisol increase (<, 
treatment (P=0.0005, log-rank test). 

 
Discussion 
 
Our data comprise one of the largest series of ACTH tests in ICU patients with septic 
shock hitherto reported and indicate that ACTH/cortisol responses relate to severity of 
disease and thereby mortality and predict an outcome benefit of corticosteroid 
treatment, independently of cortisol binding in blood. These data argue in favour of 
RAI.   
 Our data agree with the literature concerning the prognostic significance of 
SAPS II and SOFA scores [31,32], although the 22% overall ICU mortality until day 28 
for patients with septic shock may be relatively low. These low mortality rates may be 
due to relatively low disease severities. The literature is highly heterogeneous 
regarding cortisol cut-off levels to define abnormal ACTH/cortisol responses and the 
critically ill patient population studied [1,2,4-6,8-12,14-17,19,20,25]. Cutoff baseline 
values ranged between 278 and 1000 nmol/L and ACTH-induced increases of 200 
and 250 nmol/L, below which cortisol levels were suggested to be associated with 
morbidity and mortality, at least in some series [2,4-6,8-10,12,14-17,19,20,25,33]. In 
any case, we did not use the 1 µg ACTH test, allowing comparison with the more 
extensive literature on the 250 µg ACTH test [2-6,8-12,14-17]. Outcome groups in our 
study did not differ in baseline cortisol levels, and lower increases upon ACTH were 
found in non-survivors, which is in accordance with some studies 
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[5,8,10,11,13,15,16,20,33]. Other literature, however, documents both higher and 
lower cortisol baseline values in septic shock survivors than non-survivors, 
respectively, sometimes directly associated with disease severity scores 
[1,2,4,5,7,8,12,14,16-18,24]. In our study, cortisol increases, even when corrected for 
albumin levels, inversely related to disease severity, and cortisol increases <100 
nmol/L appeared to best predict outcome. However, baseline and increases in cortisol 
≥100 nmol/L or according to other cutoff values reported in the literature 
[2,8,12,17,19,20,28] were not predictive for outcome in our patients, independently 
from SAPS II or SOFA scores. Because ACTH/cortisol responses did not predict 
outcome independently of disease severity, a low cortisol response to ACTH may be a 
marker rather than a mediator of severe disease and associated mortality. This implies 
that abnormal cortisol levels lack attributable mortality, but are a sign of severe 
disease. This is in contrast to reports showing that baseline and increases in cortisol 
values contributed to mortality prediction, independently of disease severity [8,15,18]. 
The latter could be caused by better characterization of disease severity by 
ACTH/cortisol responses rather than by the scoring systems used, but does not 
necessarily indicate causality [4,6,8,10,16,17]. Overall disease severity and mortality 
was lower in our than in the Annane et al. study [17]. However, the cortisol increase 
<100 nmol/L criterion in our study may have selected patients with similar disease 
severity and mortality as the patients with a cortisol increase <250 nmol/L in the 
Annane et al. study [17]. 
 Corticosteroid treatment, following septic shock needing vasopressor/inotropic 
treatment and resulting in a decrease in the cardiovascular SOFA score, particularly in 
survivors (Table 2 and 3), was a predictor for survival in our patients, independently of 
ACTH/cortisol responses and disease severity measures (Table 4). The potential 
benefit of corticosteroid substitution therapy for septic shock needing 
vasopressor/inotropic treatment agrees with that reported by others [6,9,12,17,20,27], 
and a positive haemodynamic response of corticosteroid administration may be 
predicted by relatively low (ACTH-induced) cortisol levels in some [6,9,12,17,20,28] 
but not in other studies [9,10,14,27]. Our result that a low cortisol response (<100 
nmol/L) in the patients with greatest disease severity was a predictor of the 
haemodynamic and survival benefit of corticosteroid substitution therapy, agrees with 
those obtained by Annane et al. showing a survival benefit for corticosteroid treatment 
if the increase in cortisol was <250 nmol/L [17], even though the number of patients in 
our low cortisol response group and in whom corticosteroids had not been given, was 
relatively small. A confounding factor in our study may further include treatment with 
dexamethasone for other reasons than RAI such as chronic obstructive pulmonary 
disease in the course of disease in some patients. Patients with normal ACTH/cortisol 
responses often received hydrocortisone, which may be explained by the policy to 
start corticosteroid substitution therapy for septic shock needing vasopressor/inotropic 
treatment, at the time of ACTH testing, before results were available. Finally, our 
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results only partly agree with those obtained in surgical patients, in whom 
ACTH/cortisol responses, relating to disease severity, did not predict the response to 
corticosteroid treatment, which may not improve mortality [14,34]. Hence, the concept 
of corticosteroid-responsive RAI may only apply to septic shock patients. Finally, the 
contribution of liver disease and absence of steroid treatment to mortality in our study 
may agree with steroid-responsiveness of septic shock in patients with liver cirrhosis 
as reported recently [20]. 
 Our study carries some limitations associated with its retrospective design and 
multiple statistical tests. First, the decision to perform the ACTH test was based on 
clinical grounds. Second, the CBG and free cortisol levels were not measured in our 
study, and we may thus have underestimated baseline free cortisol levels and rises 
upon ACTH [9,21-26]. However, we used albumin levels to estimate free cortisol, 
since albumin binds cortisol, albeit less than CBG, and both albumin and CBG levels 
may decrease to the same extent in critical illness [21-26]. Hamrahian et al. [24] used 
blood albumin levels as a surrogate marker of cortisol blood binding. The association 
of low ACTH/cortisol responses with hypoalbuminaemia, in our and their study alike, 
suggests a causal relationship. Nevertheless, the predictive value of ACTH/cortisol 
responses in our study was not improved by dividing cortisol values by albumin levels, 
while diminished increases in free cortisol responses to ACTH may have been 
insufficient relative to increasing disease severities, again favouring RAI (Fig. 1, ref. 
26). We did not exclude patients with very low baseline cortisol values (<100 nmol/L), 
since we were not able to attribute this to primary or secondary adrenal insufficiency in 
the absence of free cortisol measurements corrected for disease severity. We did not 
exclude patients intubated with use of etomidate either, since there were no 
differences in frequency of intubation and use of etomidate among the four strata of 
cortisol increase (<, ≥100 nmol/L) and corticosteroid treatment (on, off), and 
intubation/use of etomidate did not contribute to mortality in multivariate analyses. 
 
 
Conclusions 
 
In ICU patients with septic shock, an ACTH response of total cortisol <100 nmol/L 
relates to severe disease, independent of blood cortisol binding. A low increase upon 
ACTH may predict a haemodynamic and survival benefit for corticosteroid substitution 
therapy. Collectively, our retrospective data strongly favour occurrence of RAI in about 
a quarter of patients with septic shock. 
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Abstract 
 
Objective  
To evaluate if 'relative adrenal insufficiency' (RAI) can be identified in non-septic 
hypotensive patients in the intensive care unit (ICU). 
 
Design  
Retrospective study in a medical-surgical ICU of a university hospital. 
 
Patients 
172 non-septic ICU patients, in 51% after trauma or surgery, who underwent a short 
250 µg ACTH test, because of >6 h hypotension or vasopressor/inotropic therapy. 
 
Measurements 
At the test day, the Simplified Acute Physiology Score (SAPS) II and Sequential Organ 
Failure Assessment (SOFA) score were calculated to estimate disease severity. The 
ICU mortality until day 28 was recorded. Best discriminative levels of baseline cortisol, 
increases and peaks were established using receiver operating characteristic curves. 
These and corticosteroid treatment (in n=112, 65%), among other variables, were 
analysed in multiple logistic and Cox proportional hazard regression analyses to find 
independent predictors of ICU mortality until day 28.  
 
Results  
ICU mortality until day 28 was 23%. Non-survivors had higher SAPS II and SOFA 
scores. Baseline cortisol levels directly correlated with albumin levels and SAPS II. In 
multivariate analyses, a cortisol baseline >475 nmol/L and cortisol increase <200 
nmol/L predicted mortality, largely dependent of disease severity but independent of 
albumin levels. Corticosteroid (hydrocortisone) treatment was not associated with an 
improved outcome, regardless of the ACTH test results. 
 
Conclusions 
In non-septic hypotensive ICU patients, a low ACTH/cortisol response and treatment 
with corticosteroids do not contribute to mortality prediction by severity of disease. The 
data thus argue against RAI identifiable by ACTH/cortisol testing and necessitating 
corticosteroid substitution treatment in these patients. 
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Introduction 
 
In response to the stress of critical illness, circulating levels of cortisol secreted by the 
adrenals, are elevated. Elevated levels of cortisol may be inappropriately low in some 
patients with critical illness, however, and this has been referred to as relative adrenal 
insufficiency (RAI), in which the adrenals do not sufficiently respond to additional 
stress stimuli [1-11]. RAI may be diagnosed with help of the standard, intravenous 250 
µg adrenocorticotropic (ACTH) stimulation test, in which baseline and peak cortisol 
levels, as well as increases are assessed. Low cortisol increases may denote RAI, 
even though cutoff levels highly vary between studies [1-15]. Although common and 
suggested to contribute to mortality in sepsis and septic shock [13,16], RAI could also 
occur in other critical conditions, such as trauma and after (major, vascular or cardiac) 
surgery [2-11,14,17,18]. It is still controversial, however, whether RAI is identifiable 
and necessitates low-dose corticosteroid treatment to improve outcome in non-septic 
as opposed to septic shock patients, even if associated with severe disease and 
associated stress [1-14,16,18-21]. Moreover, a total cortisol response to ACTH may 
decrease while a free cortisol response may be maintained, merely on the basis of low 
proteins and cortisol binding in blood, often occurring in critically ill and post-surgical 
patients [22,24].  
 In order to study the concept of RAI in non-septic critical illness, we performed a 
retrospective cohort study in 172 consecutive non-septic, hypotensive patients in the 
intensive care unit (ICU) in whom an ACTH test was performed and evaluated the 
predictive value of the ACTH response of cortisol for disease severity, response to 
corticosteroid treatment and ultimate mortality, taking albumin levels into account. 
 
 
Patients and methods 
 
Study population and ACTH test  
All patients admitted to the ICU of a university hospital (Vrije Universiteit medical 
centre) without sepsis or bacteraemia who underwent a short ACTH (tetracosactide-
hexa-acetate, SynacthenR, Novartis Pharma, Basel, Switzerland) stimulation test in a 
3-year period were retrospectively included in the study, if a baseline cortisol value 
and 30 and 60 min values after 250 µg of ACTH intravenously were available. Patients 
with known abnormalities of the hypothalamus-pituitary-adrenal axis were excluded. 
Another exclusion criterion was sepsis at the test day which was defined as the 
presence of systemic inflammatory response syndrome (SIRS) with a positive 
microbiological local (urine, tracheal aspirate or other) and/or blood culture from 7 
days before testing to the day of testing. SIRS was defined as a temperature >38 °C 
or <35.5 °C, a leukocyte count >12 or <4 x109/L, a heart rate >90/min, and a 
respiratory rate >20/min or the presence of mechanical ventilation. Informed consent 
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was waived, because the test was performed on clinical and not on investigational 
grounds. The Dutch legislation does not require informed consent for retrospective 
studies, provided results are treated anonymously. The test was performed in any 
patient suspected to have some degree of adrenocortical dysfunction on the basis of 
>6 h fluid-refractory hypotension or need of vasopressors or inotropic drugs, including 
dopamine, (nor)epinephrine and dobutamine. Blood samples for serum cortisol 
measurements were taken immediately before (T=0) and 30 (T=30) and 60 (T=60) 
minutes after intravenous injection of ACTH. Cortisol was measured by competitive 
immunoassay (ASC-180 System, Bayer Diagnostics, Netherlands). The coefficient of 
variation of this measurement is 3% for the intra- and 6% for the interassay variation 
and the detection limit is 30 nmol/L (500 nmol/L=18 µg/dL). Normal baseline cortisol 
levels and peak responses to ACTH are 165-500 nmol/L and >500-550 nmol/L, 
respectively, with ACTH-induced increases in cortisol exceeding 200-250 nmol/L [1-
15]. Hydrocortisone (starting at 100 mg intravenously, q 8 hours), was administered, 
on clinical grounds by the attending intensivist, when the ACTH test results were 
considered abnormal, or in case of otherwise unexplained hypotension and prolonged 
need for vasopressors/inotropes awaiting ACTH test results. If the latter was 
considered normal, hydrocortisone, when started, was discontinued, if possible on 
clinical grounds. Dexamethasone and prednisolone administration was recorded when 
given for other reasons than (suspected) RAI, such as chronic pulmonary obstructive 
disease. 
 
Data collection 
General characteristics including age, sex, type of admission and underlying diseases 
were recorded. Cortisol/albumin ratios were calculated as indicators of free cortisol 
[22-24]. Severity of disease was assessed by calculation of the Simplified Acute 
Physiology Score II (SAPS II, 0-163) [25] and the Sequential Organ Failure 
Assessment score (SOFA, 0-24) [26], both at admission and the day of ACTH test, 
including haemodynamic, pulmonary, renal, neurological, infectious and biochemical 
parameters. Multiple organ dysfunction was defined by a SOFA ≥7. The worst values 
within a 24 h time period were used to calculate the scores. Missing values were 
regarded as normal. Cardiovascular SOFA scores (0-4, with high values indicating 
hypotension and/or need for vasopressor/inotropic therapy) as an indicator of 
haemodynamic status are reported separately. Interventions including type and doses 
of vasopressor/inotropics, need for mechanical ventilation and renal replacement 
therapy, were recorded. Prior corticosteroid treatment was recorded, from 1 month 
before the test day. After the day of testing, the following data were recorded: start and 
duration of treatment with corticosteroids (hydrocortisone, dexamethasone or 
prednisolone), outcome in the ICU until day 28 at maximum and length of ICU stay.  
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Statistical analysis  
In comparing groups, univariate analyses were done using the Fisher's exact test for 
categorical variables and the Mann-Whitney-U test for continuous variables (SPSS 
v11, SPSS Inc, Chicago, Ill., USA). The non-parametric Spearman rank correlation 
coefficient was taken to express relations between variables. Receiver operating 
characteristic curves were made to evaluate the predictive value for outcome of 
cortisol levels and to identify the levels with the highest sensitivity and specificity. We 
performed the three-dimensional X2 test to evaluate mortality rates between patients 
not treated and patients treated with corticosteroids post-testing among the two strata 
of baseline cortisol and cortisol increase. We performed stepwise backward multiple 
logistic regression and Cox proportional hazard regression analyses to evaluate the 
contribution of disease severity (SAPS II/SOFA scores), cortisol and albumin levels, 
corticosteroid treatment and other variables differing between outcome groups at the 
P<0.10 level, to ICU mortality at day 28. Models were made with and without a priori 
inclusion of disease severity variables and comorbidity. Multiple logistic regression 
also was done to analyze the predictive value of ACTH test results and corticosteroid 
treatment to improvement of haemodynamic status as indicated by decrease in 
cardiovascular SOFA score. The Hosmer-Lemeshow goodness of fit test was used to 
evaluate how the data fit to the models. Classification and regression tree (CART) 
analysis was performed (S-PLUS 2000, MathSoft, Seattle, USA) using the same 
variables as for the other models. CART analysis is based on binary recursive 
partitioning creating a decision tree. The principle idea is to select splits in which the 
data in the descendant subsets are less variable with respect to the classification 
problem. Data are expressed as median (range). A two-sided P<0.05 was considered 
to indicate statistical significance and exact P values are given, unless <0.001.  
 
 
Results 
 
Patient characteristics  
One hundred seventy two patients were included. Clinical characteristics are shown in 
Table 1. Eighty-seven patients (51%) were studied after trauma or surgery, and 39 
patients (23%) had respiratory failure, among other disorders at admission. The 
overall ICU mortality rate until day 28 was 23%. SAPS II and SOFA scores on 
admission were higher in non-survivors.  
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Table 1. Patient characteristics 
 
 Survivors  

n=133 
Non-survivors  

n=39 
P 

    
Age, years 65 (17-93) 70 (30-85)  
Sex, m/f 90 (68)/43 (32) 21 (54)/18 (46)  
Underlying disease category   
cardiovascular 71 (53) 24 (62)  
renal 2 (2) 1 (3)  
pulmonary 9 (7) 2 (5)  
hepatic 5 (4) 5 (13) 0.049 
gastro-intestinal 9 (7) 2 (5)  
neurological 8 (6) 0  
endocrinological 13 (10) 3 (8)  
malignancy 16 (12) 5 (13)  
Admission syndromes*   
trauma and postoperative 72 (54) 15 (38)  
cardiac surgery 29 (22) 7 (18)  
vascular surgery 15 (11) 1 (3)  
respiratory failure 34 (26) 5 (13)  
post-CPR 5 (4) 3 (8)  
shock 4 (3) 5 (13) 0.029 
renal insufficiency 3 (2) 4 (10) 0.047 
coma 6 (5) 1 (3)  
other 22 (17) 10 (26)  
Admission SAPS II 38 (10-95) 53 (21-94) <0.001 
Admission SOFA 8 (0-22) 11 (2-20)  <0.001 
Prior corticosteroid treatment 21 (16) 4 (10)  
Hydrocortisone after test 70 (53) 25 (64)  

duration, days 12 (1-40)  4 (1-17) <0.001 
cumulative dose, mg 1650 (100-5800) 600 (100-4650) 0.009 

Dexamethasone/prednisolone after test 13 (10) 4 (10)  
Length of stay, days 18 (2-126) 7 (1-25) <0.001 
    
Data are expressed as median (range) or number (%), where appropriate; CPR: cardiopulmonary resuscitation; 
SAPS II: Simplified Acute Physiology Score II; SOFA: Sequential Organ Failure Assessment score; *patients may 
have more than 1 condition; exact P values <0.10. 
 

 
 
ACTH test, disease severity, corticosteroid treatment and outcome 
Table 2 shows the results of ACTH testing among survivors and non-survivors. One 
hundred twelve patients (65%) were treated with corticosteroids after the ACTH test. 
Survivors were treated with corticosteroids for a longer period and at higher 
cumulative doses than non-survivors, because of their longer lengths of stay. Only 
baseline cortisol levels differed between survivors and non-survivors, treated with 
corticosteroids, while albumin levels, available in 82% of patients, did not. Eighty-nine 
patients (52%) had a cortisol increase <250 nmol/L and 53 patients (31%) had a 
cortisol peak <500 nmol/L, and 41 (24%) had both. SAPS II and SOFA scores on day 
of testing were higher in non-survivors than in survivors (P<0.001). Of treated patients, 
survivors showed a decrease in cardiovascular SOFA score in the first week after 
ACTH testing, as compared to the course in non-survivors, while the scores did not 
differ among untreated patients.  
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Table 2. ACTH/cortisol test, clinical data and corticosteroid treatment in outcome groups 
 
 Survivors  

n=133 
Non-survivors  

n=39 
P 

    
CS- n=50 n=10  
Days from admission to test 3 (0-22) 1 (0-16)  
Albumin, g/L 17 (6-32)  19 (10-33)  
Baseline cortisol, nmol/L 390 (59-1360) 323 (125-955)  
Baseline cortisol <100 nmol/L 3 (6) 0  
Baseline cortisol <475 nmol/L 13 (26) 4 (40)  
Baseline cortisol/albumin, nmol/g 21 (3-113) 18 (5-53)  
Peak cortisol, nmol/L 745 (275-1640) 693 (420-1240)  
Cortisol increase, nmol/L 340 (35-1015) 235 (30-595) 0.056 
Cortisol increase <200 nmol/L  8 (16) 5 (50) 0.031 
Cortisol increase/albumin, nmol/g 20 (4-54) 11 (1-29)   
MAP, mm Hg 74 (47-112) 80 (57-118)  
Vasopressors/inotropes 29 (58) 7 (70)  
Mechanical ventilation 39 (78) 9 (90)  
Renal replacement therapy 4 (8) 2 (20)  
SAPS II 33 (9-77) 47 (30-78) 0.013 
SOFA 6 (1-20) 9 (1-19) 0.050 

Cardiovascular SOFA 2 (0-4) 4 (0-4)  
Change in first week 0 (-4-3) 0 (-2-2)  

Multiple organ dysfunction 21 (42) 7 (70)  
    

CS+ n=83 n=29  
Days from admission to test 2 (0-76) 1 (0-11) 0.034 
Albumin, g/L 16 (5-32) 15 (7-34)1  
Baseline cortisol, nmol/L 310 (30-1320) 495 (140-1160) 0.005 
Baseline cortisol <100 nmol/L 9 (11) 0  
Baseline cortisol <475 nmol/L 23 (28) 17 (59) 0.004 
Baseline cortisol/albumin, nmol/g 22 (2-86) 34 (9-153)1 0.006 
Peak cortisol, nmol/L 625 (44-1620)1 655 (215-1740)  
Cortisol increase, nmol/L 215 (-65-680)1 160 (-20-630)  
Cortisol increase <200 nmol/L  39 (47) 1 9 (69) 0.052 
Cortisol increase/albumin, nmol/g 13 (-4-51)1 10 (-3-45)  0.058 
MAP, mm Hg 73 (48-127) 68 (45-103)1  
Vasopressors/inotropes 74 (89)1 29 (100)1  
Mechanical ventilation 78 (94)1 26 (90)  
Renal replacement therapy 8 (10) 7 (24) 0.061 
SAPS II 37 (16-75)1 58 (16-100) <0.001 
SOFA 9 (0-21)1 12 (5-21) <0.001 

Cardiovascular SOFA 4 (0-4)1 4 (2-4) 0.065 
Change in first week -2 (-4-2)1 0 (-1-1) 0.002 

Multiple organ dysfunction 63 (76)1 28 (97)1 0.013 
    
Data are expressed as median (range) or number (%), where appropriate; CS: on (+) or off (-) treatment with 
corticosteroids (hydrocortisone, dexamethasone or prednisolone); MAP: mean arterial pressure; SAPS II: Simplified 
Acute Physiology Score II; SOFA: Sequential Organ Failure Assessment score; exact P values <0.10; 1P <0.043-0.001 
CS- versus CS+; 500 nmol/L=18 µg/dL cortisol. 
 

 
 
Correlations  
Baseline, T=30, T=60 and peak levels of serum cortisol after ACTH related to albumin 
levels (minimum rs=0.30, P<0.001), while increases did not. Increases did not relate to 
baseline cortisol values, neither in survivors nor in non-survivors. In contrast, peak 
cortisol levels related to baseline levels, both in survivors and non-survivors (rs=0.77, 
P<0.001), and to increases in cortisol (rs=0.49, P<0.001). Baseline and increases in 
cortisol related to SAPS II and SOFA scores, directly and inversely (minimum rs=0.20, 
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P=0.010), respectively. Ratios of baseline and increases in cortisol to albumin related 
to SAPS II directly and inversely, respectively (minimum rs=-0.19, P=0.032), while 
cortisol increases/albumin inversely related to SOFA scores (rs=-0.24, P=0.004).  
 
Predictive values of cortisol response and corticosteroid treatment 
The best discriminative value for baseline cortisol was 475 nmol/L with a sensitivity 
(prediction of mortality) of 54%, specificity (prediction of survival) of 73% and a 
likelihood ratio of 1.99 (area under the receiver operating characteristic curve 0.63, 
P=0.011). The cortisol increase with the greatest discriminative value was 200 nmol/L 
with a sensitivity of 64%, specificity of 63% and a likelihood ratio of 1.74 (area under 
the receiver operating characteristic curve 0.64, P=0.008). This also applied to the 
subgroup of patients after trauma or surgery (n=87, P=0.021). Fifty-seven patients 
(33%) had a baseline cortisol >475 nmol/L, 72 patients (42%) had a cortisol increase 
<200 nmol/L, and 34 (20%) had both. When cortisol levels were divided by albumin, a 
baseline cortisol/albumin of >22 nmol/g predicted outcome with a sensitivity of 68%, 
specificity of 53% and a likelihood ratio of 1.43 (area under the receiver operating 
characteristic curve 0.61, P=0.019). Cortisol increase/albumin ratios did not predict 
mortality. Characteristics and mortality of patients according to a cortisol baseline ≤ or 
>475 nmol/L with an increase < or ≥200 nmol/L and corticosteroid treatment are 
shown in Table 3. Of all patients, patients with both baseline cortisol >475 and 
increase <200 nmol/L showed the highest disease severity (P=0.003) and mortality 
rate (44%, P=0.001), in spite of most frequent corticosteroid treatment (P=0.001). 
Treatment was associated with a fall in cardiovascular SOFA score, particularly when 
baseline cortisol was ≤475 and increases ≥200 nmol/L. In multiple logistic regression, 
only corticosteroid treatment predicted the improvement in cardiovascular SOFA 
score, without any contribution by ACTH test results. Table 4 shows results of other 
multivariate analyses. In building the models (based on n=141 patients), results were 
similar when albumin as entry variable was excluded in order to evaluate all patients. 
A baseline cortisol >475 nmol/L contributed to mortality prediction, independently of 
disease severity and albumin levels, more than a cortisol increase <200 nmol/L. There 
was no independent contribution of corticosteroid treatment to mortality prediction in 
any model. The models for trauma/surgical patients yielded similar results as for the 
population as a whole. The results were confirmed by CART analysis. In building the 
decision tree analogously to model A for all patients, a baseline cortisol >475 nmol/L, 
the number of days from admission until test, the SAPS II on day of admission and 
testing, the SOFA score on day of testing, and albumin levels were independent 
predictors for mortality, irrespective of cortisol increases upon ACTH and corticosteroid 
treatment. Fig. 1 shows that corticosteroid treatment did not favourably affect outcome 
of patients with low baseline (three-dimensional X2 =1.127, df=1, P=0.288) and/or low 
cortisol increases (three-dimensional X2 =1.270, df=1, P=0.260) upon ACTH. This also  
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applied to treatment with hydrocortisone alone. Patients with high baseline cortisol 
values and/or low increases had lower survival rates than those with low baseline 
values and/or high increases. 
 
 

 
Table 3. Groups according to baseline cortisol values and ACTH-induced increases, and 
corticosteroid treatment 
 
 Baseline ≤475 nmol/L Baseline >475 nmol/L P 
 Increase ≥200 Increase <200 Increase ≥200 Increase <200  
      
CS- n=36 n=7 n=11 n=6  
Albumin, g/L 17 (6-29) 15 (10-27) 23 (11-32) 24 (12-33)  
Baseline cortisol, nmol/L 298 (59-470) 350 (150-470) 630 (490-1060) 685 (575-1360) <0.001 
Baseline cortisol/albumin, nmol/g 15 (3-41) 19 (10-41) 32 (20-66) 36 (19-113) 0.001 
Peak cortisol, nmol/L 678 (275-1390) 460 (315-565) 1180 (840-1640) 733 (650-1550) <0.001 
Cortisol increase, nmol/L 343 (200-1015) 155 (70-185) 380 (255-595) 63 (30-190) <0.001 
Cortisol increase/albumin, nmol/g 22 (10-45) 7 (4-16) 18 (8-54)  6 (1-16) <0.001 
MAP, mm Hg 76 (53-97) 83 (60-112) 73 (53-90) 80 (47-118)  
Vasopressors/inotropes 23 (64) 4 (57) 6 (55) 3 (55)  
Mechanical ventilation 30 (83) 6 (86) 8 (73) 4 (67)  
Renal replacement therapy 4 (11) 2 (29) 0 0  
SAPS II 33 (9-77) 33 (16-78) 34 (21-60) 39 (30-68)  
SOFA 6 (1-20) 9 (2-19) 5 (1-13) 6 (1-12)  

Cardiovascular SOFA 2 (0-4) 4 (0-4) 1 (0-4) 2 (0-4)  
Change in first week 0 (-4-3) -2 (-4-1) 0 (0-3) -2 (-2-2)  

Multiple organ dysfunction 17 (47) 5 (71) 4 (36) 2 (33)  
Mortality until day 28 4 (11) 2 (29) 1 (9) 3 (50) 0.080 
      
CS+ n=41 n=31 n=12 n=28  
Albumin, g/L 15 (5-26) 14 (5-32) 17 (14-26) 18 (6-34)  
Baseline cortisol, nmol/L 245 (30-475) 240 (40-475) 613 (480-1160) 610 (485-1320) <0.001 
Baseline cortisol/albumin, nmol/g 16 (4-42) 18 (2-59) 41 (30-61) 35 (18-153) <0.001 
Peak cortisol, nmol/L 645 (270-1140) 365 (44-645)1 1050 (745-1740) 720 (560-1480) <0.001 
Cortisol increase, nmol/L 310 (200-680) 80 (-20-180)1 400 (235-630) 103 (-65-190) <0.001 
Cortisol increase/albumin, nmol/g 23 (9-51)  5 (-1-22) 25 (13-45) 6 (-4-15) <0.001 
MAP, mm Hg 75 (45-105) 68 (53-127) 72 (48-102) 70 (48-103)  
Vasopressors/inotropes 36 (88)1 29 (94)1 10 (83) 28 (100)1   
Mechanical ventilation 38 (93) 30 (97) 9 (75) 27 (96) 0.071 
Renal replacement therapy 7 (17) 5 (16) 3 (25) 0 0.094 
SAPS II 39 (16-81) 43 (16-100) 46 (17-67) 50 (18-90) 0.034 
SOFA 9 (0-17)1 10 (4-21) 8 (4-13) 11 (3-17)1 0.085 

Cardiovascular SOFA 4 (0-4)1 4 (0-4) 4 (0-4)1 4 (2-4)  
Change in first week -2 (-4-2)1 -3  (-4-0) -1 (-3-1) 0 (-4-2) 0.066 

Multiple organ dysfunction 32 (78)1 26 (84) 8 (67) 25 (89)1  
Mortality until day 28 4 (10) 8 (26) 5 (43) 12 (43) 0.010 
      
Data are expressed as median (range) or number (%), where appropriate; CS: on (+) or off (-) treatment with corticosteroids 
(hydrocortisone, dexamethasone or prednisolone); MAP: mean arterial pressure; SAPS II: Simplified Acute Physiology Score II; 
SOFA: Sequential Organ Failure Assessment score; exact P values <0.10; 1P <0.049-0.001 CS- versus CS+; 500 nmol/L=18 
µg/dL cortisol. 
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Table 4. Predictors of mortality in multivariate models 
  
All patients  
Multiple logistic regression Odds ratios (95% CI) P 
Model A   
Cortisol baseline >475 nmol/L 2.49 (1.03-6.01) 0.042 
SAPS II test day 1.06 (1.04-1.09) <0.001 
Model B   
Cortisol baseline >475 nmol/L  2.56 (1.15-5.71) 0.022 
   
Cox proportional hazard regression Hazard ratio (95% CI) P 
Model C   
Shock 5.87 (1.69-20.40) 0.005 
SAPS II test day 1.04 (1.03-1.06) <0.001 
Model D   
Cortisol baseline >475 nmol/L 2.39  (1.21-4.74) 0.012 
Cortisol increase <200 nmol/L  2.04 (1.01-4.11) 0.047 
   
Trauma and surgery   
Multiple logistic regression Odds ratios (95% CI) P 
Model A   
Cortisol increase <200 nmol/L 5.88 (1.01-34.48) 0.049 
Albumin, g/L 1.23 (1.04-1.46) 0.018 
SAPS II test day 1.21 (1.07-1.36) 0.002 
SAPS II at admission 0.90 (0.90-0.99) 0.047 
Model B   
Cortisol baseline >475 nmol/L 4.51 (1.10-18.45) 0.036 
   
Cox proportional hazard regression Hazard ratio (95% CI) P 
Model C   
Cortisol baseline >475 nmol/L  4.05 (1.06-15.38) 0.040 
SAPS II test day 1.16 (1.06-1.26) 0.001 
Albumin, g/L 1.16 (1.01-1.32) 0.036 
SAPS II at admission 0.91 (0.84-0.99) 0.023 
Model D   
Cortisol baseline >475 nmol/L 5.10 (1.37-18.87) 0.015 
   
Models A and C included comorbidity and disease severity indices as entry variables, whereas models B 
and D did not. All models included albumin values (available in 82% of patients). SAPS II, Simplified 
Acute Physiology Score II; CI: confidence interval; 500 nmol/L=18 µg/dL cortisol. Hosmer-Lemeshow test 
for all patients and model A: X2=10.15, df=8, P=0.255; model B: X2=4.09, df=8, P=0.849; for 
trauma/surgical patients and model A: X2=4.63, df=8, P=0.796; model B: X2=0.916, df=1, P=0.339. 
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Figure 1. Kaplan Meier curves for strata of baseline cortisol (≤, >475 nmol/L), ACTH-induced cortisol increases (<, ≥200 
nmol/L), and corticosteroid (CS) treatment (left panel: off treatment P=0.040, log rank test; right panel: on treatment, P=0.012). 
There was no difference in survival for CS- and CS+ (right panel) patients in any cortisol group. 

 
 
 
Discussion 
 
This study on the concept of RAI and effects of corticosteroid treatment constitutes 
one of the largest series of ACTH tests in non-septic ICU patients hitherto reported. 
The data indicate that baseline cortisol levels predict mortality partly dependent of 
disease severity, suggesting sufficient adaptation to stress, but independent of cortisol 
binding in blood. There is little independent predictive value of a cortisol increase <200 
nmol/L and no discernable mortality-reducing effect of corticosteroids, even though 
treatment may ameliorate shock particularly in patients with a relatively normal 
ACTH/cortisol pattern. Collectively, the data argue against the concept of RAI in non-
septic ICU patients, identifiable by ACTH testing, mediating outcome and 
necessitating low-dose corticosteroid treatment, even though 42% of patients had a 
subnormal cortisol increase upon ACTH.  
 The fact that a baseline cortisol >475 nmol/L in our patients predicted mortality 
roughly agrees with the literature on non-septic patients, reporting direct associations 
between baseline cortisol values on the one hand and the levels of stress by severe 
disease and resultant mortality on the other [1,2,4,8-12,15,17,19,20]. Our data thus 
support the studies suggesting adaptation of the adrenals to the severity of disease by 
elevating serum (free) cortisol levels, particularly after trauma and surgery 
[1,2,4,12,16,17,19]. Indeed, we cannot completely exclude, as suggested by 
multivariate analyses, that hyper- rather than hypocortisolism contributed to mortality, 
relatively independent of underlying severe disease [20]. In contrast, a cortisol 
increase <200 nmol/L contributed less to mortality prediction by disease severity 
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variables and baseline cortisol values. High baseline cortisol levels may diminish the 
response to supraphysiologic ACTH doses in patients, and the frequency of a low 
ACTH response in our patients agrees with some of the literature [5,7,9-11,15,18], but 
not with other reports suggesting a low cortisol response to ACTH and presence of 
RAI in <3% of critically ill, surgical patients [1-4,12]. We cannot completely exclude 
that decreasing (even free) cortisol increases upon ACTH with increasing disease 
severity scores reflected some degree of RAI, even though hardly contributing to 
mortality prediction independent from disease severity, and even though the 250 µg 
challenge is supraphysiologic [18]. Hence, this response, considered abnormal for 
non-critically ill patients, may be normal for critically ill patients, and is more a reflection 
than a cause of severe disease. In any case, our data agree with the incidence of RAI 
(33%) in post-surgical patients studied by Rivers et al. [5], diagnosed on the basis of a 
baseline cortisol <550 nmol/L and an increase <250 nmol/L, which occurred in 27% of 
our patients. In their study however, RAI was associated with an elevated mortality 
rate, that was attenuated by hydrocortisone treatment, in contrast to our study. 
However, at least 50% of the surgical patients in the Rivers et al. study [5] may be 
assumed to have suffered from septic shock, which might explain the positive 
response to treatment with low-dose corticosteroids [6,13,16]. In fact, low-dose 
corticosteroid treatment has been suggested as a substitution treatment for RAI to 
lower mortality in patients with sepsis and septic shock and to improve shock reversal 
[13,16]. 
 Some studies also suggest the existence of RAI and beneficial effects of low-
dose corticosteroid substitution therapy in other critical conditions [4,5,9]. In our study, 
however, the patient groups with highest frequency of treatment with corticosteroids 
had the highest mortality, although corticosteroid treatment did not contribute to 
mortality prediction, independently of disease severity. This is in agreement with some 
literature on hypotensive trauma/surgery patients [3,4,15,21,27]. A potentially 
beneficial effect of corticosteroid treatment reported in former studies on non-septic 
critically ill patients may thus not relate to treatment of RAI, but to increased vascular 
sensitivity for endogenous and exogenous catecholamines and other vasopressor 
drugs [10]. This beneficial response was also seen in our population, particularly in 
less severely ill patients with low baseline cortisol values and normal increases upon 
ACTH, thereby again arguing against RAI as an important pathophysiological 
disturbance and prediction of the response to corticosteroid treatment by a low 
baseline cortisol and response to ACTH (Table 3). Indeed, improvement of 
haemodynamic status as indicated by a decrease in cardiovascular SOFA score, was 
only predicted by corticosteroid treatment in multivariate analysis, independently of 
ACTH test results. Lack of a mortality-lowering effect in our patients otherwise agrees 
with the literature on stress doses of hydrocortisone in severe systemic inflammatory 
response syndrome after cardiac and vascular surgery, and trauma [9,10,27]. 
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 We did not measure cortisol binding globulin (CBG), thereby possibly 
underestimating free cortisol levels and increases upon ACTH from total cortisol 
values [12,22-24]. Although albumin binds cortisol less than CBG does, it may 
decrease to the same extent in critical illness [22-24] and we therefore used albumin 
levels to estimate free cortisol, as done before [15,24]. Indeed, our data show an 
association between low baseline cortisol levels and hypoalbuminaemia, but neither 
albumin levels nor cortisol/albumin ratios appeared to improve mortality prediction 
over that by total cortisol levels, independently from disease severity indicators. Our 
conclusions based on total cortisol levels are thus valid. We did not use the 1 µg 
ACTH test, allowing comparison with the extensive literature on the results of the 250 
µg test, in the critically ill [1-6,9-13,18]. Patients with very low baseline cortisol values 
(<100 nmol/L) were not excluded, since we were not able to attribute this to primary or 
secondary adrenal insufficiency in the absence of free cortisol measurements 
corrected for disease severity. Another confounding factor in our study may be 
inclusion of treatment with dexamethasone or prednisolone for reasons other than RAI 
such as chronic obstructive pulmonary disease in the course of disease in some 
patients. However, evaluating hydrocortisone treatment alone yielded similar results 
as for corticosteroid treatments combined.   
 In conclusion, in non-septic, critically ill patients a baseline cortisol value >475 
nmol/L or an increase <200 nmol/L upon ACTH, independently of cortisol blood 
binding, are markers rather than mediators of severe disease and resultant mortality. 
The limited value of a low response to ACTH to predict a beneficial effect of 
corticosteroid treatment on haemodynamics and mortality also argues against RAI 
identifiable by ACTH/cortisol testing and necessitating low-dose corticosteroid 
substitution treatment. The effects of corticosteroids on mortality of non-septic 
hypotensive patients should be evaluated prospectively, however. 
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Abstract 
 
Objective 
To evaluate the significance of changes in the cortisol response to repeated 
adrenocorticotropic hormone (ACTH) testing in the course of critical illness. 
 
Design  
Retrospective study in a medical-surgical intensive care unit (ICU) of a university 
hospital. 
 
Patients  
54 consecutive patients in a 3-year period, who underwent two short 250 µg ACTH 
tests at an interval >24 h, because of >6 h hypotension requiring repeated fluid 
challenges or vasopressor/inotropic treatment for both tests, in absence of 
corticosteroid treatment.  
 
Measurements  
Testing was performed by intravenously injecting 250 µg of ACTH and measuring 
serum cortisol immediately before and 30 and 60 minutes thereafter. Patients were 
divided into those with an increase (Group 1, n=27) or a decrease (Group 2, n=27) in 
delta (∆) cortisol. 
 
Results  
Changes in ∆cortisol were paralleled by changes in baseline cortisol and 
∆cortisol/albumin, frequency of sepsis with positive cultures, disease severity scores, 
leukocyte and platelet counts, and renal replacement therapy. Increases in ∆cortisol 
were associated with less sepsis and lower disease severity, independently from 
baseline cortisol values and albumin in multivariate analysis. Hydrocortisone treatment 
after first ACTH test was more prevalent in Group 1 than 2, and associated with 
increased survival time until day 28. Five Group 2 (19%) and no Group 1 patients died 
before day 28 in the ICU, and survival time on the ICU was shorter in the former 
(P=0.039).  
 
Conclusions 
The findings favour the concept of relative adrenal insufficiency, particularly during 
sepsis showing reversibility in survivors upon treatment with corticosteroids and 
worsening in non-survivors, rather than poor reproducibility of the ACTH test.   
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Introduction 
 
Activation of the pituitary-adrenal axis is pivotal in the adaptation of the organism to 
physiological stress during critical illness [1-3]. A blunted adrenal corticosteroid 
response, particularly during sepsis and septic shock, has been termed relative 
adrenal insufficiency (RAI), in which cortisol serum levels, even when supranormal, 
are considered insufficient for the degree of stress, as manifested by a poor response 
to additional stimuli [2-17]. The standard 250 µg adrenocorticotropic (ACTH) 
stimulation test may help to diagnose RAI during sepsis and shock when the cortisol 
response to ACTH is low, even when baseline cortisol levels are high, and RAI may be 
associated with increased mortality which may be improved by corticosteroid therapy 
[2-17]. Risk factors for a diminished cortisol response in transversal studies, including 
ours, are use of etomidate, severe disease as expressed by scoring systems, low 
platelet counts and low pH/bicarbonate, amongst others [17,18]. However, the concept 
of RAI, even in sepsis and shock, has been challenged because of uncertainties in 
dose and optimal cortisol cutoff levels of the ACTH test, potential dependency of the 
increase on baseline cortisol, poor reproducibility of the test and its predictive value for 
mortality and benefits of corticosteroid treatment [2,3,8,10,11,14,17,19,20]. Briegel et 
al. noted that upon recovery from septic shock, a subnormal cortisol response to 
ACTH had normalized in many surviving patients [4], whereas Goodman et al. [8] 
noted poor predictive values of results of repeated ACTH testing, in septic shock. 
Moreover, the total cortisol response to ACTH may decrease while the free cortisol 
response may be maintained, as cortisol-binding globulin (CBG) levels decrease in 
time, which often occurs in critically ill patients [13,15,20-22]. These factors have 
fuelled the ongoing controversy on the necessity to perform an ACTH test in patients 
at risk for RAI in order to decide on administration of corticosteroids. Finally, the recent 
multicentre CORTICUS study suggests that response to ACTH predicts early shock 
reversal but does not predict attenuation of mortality by corticosteroid therapy in septic 
shock [23], so that ACTH testing is currently not recommended in septic shock 
patients [24]. 

 To evaluate the significance of altered cortisol responses in time to ACTH in the 
critically ill, we performed a retrospective longitudinal cohort study in 54 consecutive 
patients in whom two ACTH tests at a >24 h interval were done in the course of 
disease in the intensive care unit (ICU). Specifically, we hypothesized that a rise in the 
cortisol response to the second ACTH test as compared to the first could be 
associated with decreasing incidence of risk factors for RAI such as sepsis, and with a 
decreased mortality risk by treatment with corticosteroids, as recently shown by us in 
transversal studies in critically ill patients [16,18], rather than reflecting poor 
reproducibility of the test. We incorporated albumin levels in the analysis to take 
altered cortisol binding in blood into account. 
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Patients and methods 
 
Study population and ACTH test 
Informed consent was waived, because the ACTH test was performed on clinical and 
not on investigational grounds. The Dutch legislation does not require informed 
consent for retrospective studies, provided results are treated anonymously. We 
retrospectively included all consecutive patients admitted to the 28-bed ICU of our 
university hospital (Vrije Universiteit medical centre) in a 3-year period who underwent 
two short ACTH (tetracosactide-hexa-acetate, SynacthenR, Novartis Pharma, Basel, 
Switzerland) stimulation tests for clinical reasons during ICU admission with an interval 
of at least one day. Of patients who underwent three ACTH tests, test results of the 
second and third test were used for analysis. Patients with known abnormalities of the 
hypothalamic-pituitary-adrenal axis were excluded, but patients with low baseline 
cortisol values were not excluded, since there are no validated reference values for 
primary adrenal insufficiency in the critically ill.  
 ACTH testing was performed in any patient suspected to have adrenocortical 
dysfunction, because of >6 h hypotension (<100 mm Hg systolic) requiring repeated 
fluid challenges or vasopressor/inotropic treatment for both tests, in the absence of 
treatment by corticosteroids. Blood samples for serum cortisol measurements were 
taken immediately before (T=0) and at T=30 and T=60 minutes after intravenous 
injection of 250 µg of synthetic ACTH. The highest value of T=30 or T=60 for peak 
response and its increase absolute and relative to baseline values (∆cortisol and 
∆cortisol%) was taken. Cortisol was measured by competitive immunoassay (ASC-
180 System, Bayer Diagnostics, Netherlands). The coefficient of variation of this 
measurement is 3% for the intra- and 6% for the interassay variation and the detection 
limit is 30 nmol/L (500 nmol/L=18 µg/dL). Baseline cortisol levels of at least 165 
nmol/L, peak responses to ACTH >500-550 nmol/L and increases in cortisol >200-250 
nmol/L are considered normal, respectively, although ACTH-induced increases below 
100 nmol/L appeared the optimal cutoff to define RAI in our previous study [16]. The 
decision to administer hydrocortisone (starting at 100 mg intravenously, every 8 hours) 
was taken on clinical grounds by the attending intensivist, awaiting ACTH test results. 
If the test was considered normal, hydrocortisone, when started, was discontinued, if 
possible, on clinical grounds. Dexamethasone administration for other reasons than 
(suspected) RAI, such as chronic pulmonary obstructive disease, was recorded. 
Etomidate is frequently used in our institution for intubation. No patient was treated by 
ketoconazole.  
 
Data collection 
Patients were divided in those with an increase or decrease in ∆cortisol. 
Cortisol/albumin ratios were calculated as an indicator of free cortisol. The single 
patient with an unchanged ∆cortisol was included in the group with a ∆cortisol 
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increase. General characteristics including age, sex, type and reason of admission 
and underlying diseases were recorded. Severity of disease was assessed by 
calculation of the Simplified Acute Physiology Score II (SAPS II, 0-163) [25] and the 
Sequential Organ Failure Assessment score (SOFA, 0-24) [26], both at admission and 
the day of ACTH testing, including haemodynamic, pulmonary, renal, neurological, 
infectious and biochemical parameters. The worst values within a 24 h time period 
were used to calculate the scores. Missing values were regarded as normal. Multiple 
organ dysfunction was defined by a SOFA ≥7. Interventions including type and doses 
of vasopressors/inotropes, intubation, use of etomidate, and need for mechanical 
ventilation and renal replacement therapy, were recorded. In addition, culture results 
from blood, tracheal aspirate, urine or other local site from 7 days before ACTH testing 
to the day of testing were collected. After the day of testing the following data were 
recorded: start and duration of treatment with corticosteroids (hydrocortisone or 
dexamethasone), outcome until day 28 of ICU stay, outcome in the ICU, length of ICU 
stay, and hospital mortality.  
 Systemic inflammatory response syndrome (SIRS) was defined as two or more 
of the following criteria: a temperature >38 °C or <35.5 °C , a leukocyte count >12 or 
<4 x109/L, a heart rate >90/min, and a respiratory rate >20/min or the presence of 
mechanical ventilation. Sepsis at the ACTH test day was defined as the presence of 
SIRS with a positive microbiological local (urine, trachea or other) and/or blood culture. 
By virtue of study criteria, these septic patients can be regarded as suffering from 
septic shock. 
 
Statistical analysis  
In comparing groups, univariate analyses were done using the Fisher's exact test for 
categorical variables. The non-parametric Spearman rank correlation coefficient was 
calculated to express relations between variables. We performed stepwise backward 
logistic regression modeling for categorical variables and general linear modeling 
(analysis of variance, ANOVA) for repeated measures for continuous variables to 
evaluate the association of ∆cortisol change, time, i.e. second versus first test, and the 
interaction of ∆cortisol and time with the study variables on the test days. Platelet 
counts and pH were analysed after logarithmic conversion to normalize distributions. 
We performed stepwise backward multiple logistic regression to predict ∆cortisol 
changes by disease severity and other risk factors found in univariate analyses. The 
Hosmer-Lemeshow test was used to evaluate goodness of fit. We performed stepwise 
backward Cox proportional hazards modeling to evaluate the contribution of variables 
differing between outcome groups, in addition to corticosteroid treatment, to ICU 
mortality and mortality until day 28. Kaplan-Meier curves were made and a log-rank 
test was performed to evaluate the effect of ∆cortisol changes and corticosteroid 
treatment on survival duration. Data are expressed as median (range). A two-sided 
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P<0.05 was considered to indicate statistical significance and exact P values are 
given, unless <0.001.  
 
 
Results 
 
Patient characteristics 
In the study period 3953 patients were admitted to the ICU of whom 458 were ACTH 
tested once and fifty-four patients twice. Eight of the latter underwent a third test. 
Table 1 shows the clinical characteristics at ICU admission. Only eight (15%) patients 
suffered from sepsis on admission. The overall ICU mortality rate until day 28 was 9%. 
Admission SAPS II and SOFA did not differ among patients with a ∆cortisol increase 
(n=27) or decrease (n=27). More patients were treated by hydrocortisone after the 
second than the first ACTH test (P=0.068). Length of stay of patients who died in the 
ICU was 71 (45-94) days for the 6 patients with a ∆cortisol increase and 36 (7-109) 
days for the 12 patients with a ∆cortisol decrease (not statistically significant).  
 
Cortisol and ACTH test 
Table 2 shows that an increase or a decrease in ∆cortisol (whether or not divided by 
albumin) was paralleled by reciprocal changes in time in the baseline cortisol 
(/albumin) levels. The change in baseline cortisol was -130 (-510-605) nmol/L in 
patients with an increase in ∆cortisol and 20 (-290-420) nmol/L in those with a 
decrease in ∆cortisol, whereas the change in ∆cortisol was 80 (0-640) and -70 (-527-
10) nmol/L, respectively. The ∆cortisol change inversely related to changes in baseline 
cortisol values (rs=-0.43, P=0.001), but not to changes in albumin with time. Eight of 9 
patients with a ∆cortisol <100 nmol/L and 22 of 45 with a higher response had 
received corticosteroids (hydrocortisone or dexamethasone, P=0.033), after the first 
ACTH test. After the second test, all of 11 patients with a ∆cortisol <100 and 32 of 43 
with a ∆cortisol >100 nmol/L received corticosteroids (ns), and no patient had received 
corticosteroids at time of second ACTH test. 
 
Risk factors 
In patients with a ∆cortisol increase the occurrence of SIRS, sepsis and renal 
replacement therapy decreased, in comparison with patients with a ∆cortisol decrease 
(Table 3). The latter had an increased frequency of positive microbiological cultures 
from other foci than blood, trachea or urine. Twenty-nine patients had sepsis both at 
first and second ACTH test and 6 did not have sepsis at either time point. Platelet 
counts and pH/bicarbonate levels increased more in patients with an increase than a 
decrease in ∆cortisol with time. Overall disease severity, expressed by SAPS II and 
SOFA scores, decreased in patients with a ∆cortisol increase, but not in patients with 
a ∆cortisol decrease. The ∆cortisol changes related to changes in SAPS II and SOFA  
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Table 1. Patient characteristics at ICU admission 
 
 ∆cortisol increase      

n=27 
∆cortisol decrease  

n=27 
 

    
Age, years 65 (33-78) 67 (18-92)  
Sex, m/f 18 (67)/9 (33) 18 (67)/9 (33)  
Underlying disease category   
cardiovascular 14 (52) 15 (56)  
renal 0 1 (4)  
pulmonary 2 (7) 1 (4)  
gastro-intestinal 2 (7) 2 (7)  
neurological 1 (4) 1 (4)  
endocrinological 3 (11) 3 (11)  
malignancy 2 (7) 2 (7)  
Admission syndromes*   
trauma and postoperative 14 (52) 13 (48)  
cardiac surgery 6 (22) 6 (22)  
vascular surgery 4 (15) 2 (7)  
respiratory failure 7 (26) 7 (26)  
post-CPR 2 (7) 2 (7)  
shock 1 (4) 2 (7)  
sepsis 4 (15) 4 (15)  
renal insufficiency 1 (4) 2 (7)  
other 3 (11) 3 (11)  
Admission SAPS II 35 (9-66) 42 (16-82)  
Admission SOFA 8 (1-18) 8 (4-15)  
Prior corticosteroid treatment 7 (26) 5 (19)  
Prior etomidate 6 (22) 5 (19)  
Start corticosteroid treatment after first test 18 (67) 12 (44)  
Start hydrocortisone after first test 16 (59) 7 (26)1  

duration, days 21 (1-44) 7 (3-26)  
Start dexamethasone after first test 2 (7) 5 (19)  
Start corticosteroid treatment after second test 19 (70) 24 (89)  
Start hydrocortisone after second test 17 (63) 23 (85)  

duration, days 11 (4-154) 12 (1-39)  
Start dexamethasone after second test 2 (7) 1 (4)  
Length of stay, days 48 (3-190) 35 (7-109)2  
    
Median (range) or number (%), where appropriate; patients were classified when the cortisol response to ACTH 
was increasing, decreasing, or similar in the course of disease; ICU: intensive care unit; CPR: cardiopulmonary 
resuscitaton; SAPS II: Simplified Acute Physiology Score II; SOFA: Sequential Organ Failure Assessment; 
*patients may have more than 1 condition. 1P=0.041; 2P=0.039 between groups. 
 

 
 
scores (minimum rs=-0.31, P=0.022). Changes in baseline cortisol values related to 
changes in SOFA scores (rs=0.30, P=0.029) only. Use of etomidate was similar 
whether ∆cortisol increased or decreased. 
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Outcome 
In Table 3 is shown that all non-survivors before day 28 had a decrease in ∆cortisol 
(19% mortality). Table 4 shows ACTH test results and clinical variables among 
survivors (n=36) and non-survivors (n=18) in the ICU. Mortality until day 28 was higher 
among patients with a ∆cortisol decrease. Fig. 1 shows that patients with a decrease 
in ∆cortisol had a shorter survival duration in the ICU than patients with an increase in 
∆cortisol. Corticosteroid treatment after the first test was associated with an increased 
survival duration until day 28 only (P=0.006). ICU and hospital mortality did not differ 
among groups of ∆cortisol changes. 
 
Multivariate analyses 
In multiple logistic regression, the increase in ∆cortisol was independently predicted 
(Hosmer-Lemeshow X2=7.8, P=0.45) by sepsis, relatively high SOFA and relatively 
low leukocytes at first test and absence of sepsis (and of positive cultures other than 
from blood, trachea or urine) and relatively low SOFA and pH at the second test 
(P=0.049 or less), while days from admission until test, baseline cortisol, albumin and 
platelet counts, renal replacement therapy and corticosteroid treatment did not further 
contribute. In a Cox proportional hazards model, ICU mortality with time was 
independently predicted by a relatively high SOFA score at first and a low score at 
second test, by a relatively low pH and renal replacement therapy at second test and a 
relatively high ∆cortisol at first and a low ∆cortisol at second test (P=0.020 or less), 
while albumin and baseline cortisol levels, sepsis, positive blood cultures and 
corticosteroid treatment did not further contribute.  
 

 
 
Table 2. Results of repeated ACTH tests 
 
 Δcortisol increase 

n=27 
Δcortisol decrease 

n=27 
P 

 first test second test first test second test  
      
Days from admission to test 6 (1-37) 34 (2-92) 5 (1-37) 15 (5-85) 1 
Albumin, g/L 13 (7-32) 16 (6-23) 13 (6-23) 12 (3-24) 2 
Baseline cortisol, nmol/L 400 (30-1010) 340 (40-1160) 330 (74-630) 355 (125-965)   3 
Baseline cortisol/albumin, nmol/g 32 (1-53) 26 (2-61) 26 (5-57) 34 (7-197) 4 
Δcortisol, nmol/L 165 (-20-420) 285 (4-825) 245 (90-505) 155 (-407-400) na 
Δcortisol, % 34 (-3-210) 78 (10-207) 78 (21-386) 42 (-89-296) 5 
Δcortisol <100 nmol/L 8 (30) 3 (11) 1 (4) 8 (30) 7 
Δcortisol <250 nmol/L   19 (70) 11 (41) 14 (52) 20 (74) 8 
Δcortisol/albumin, nmol/g 12 (0-34) 21 (0-42) 20 (9-51) 13 (-58-43) 6 
Peak cortisol, nmol/L 620 (30-1280) 585 (44-1620) 590 (230-1030) 500 (235-1030)  
      
Median (range) or number (%), where appropriate. 500 nmol/L=18 µg/dL cortisol. P 1-6: ANOVA for repeated measures, 7 and 8: 
multiple logistic regression; 1 P<0.001 for time, i.e. second versus first test; 2 P=0.049 for time; 3 P=0.050 for Δcortisol change and 
time interaction; 4 P=0.038 for Δcortisol change and time interaction; 5 P<0.001 for Δcortisol change and time interaction; 6 
P=0.002 for Δcortisol change and time interaction; 7 P=0.030 for time, P=0.030 for Δcortisol change, P=0.007 for Δcortisol change 
and time interaction; 8 P=0.026 for Δcortisol change and time interaction; na: not applicable. 
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Table 3. Clinical data according to changes in ACTH-induced cortisol response 
 
 Δcortisol increase 

n=27 
Δcortisol decrease 

n=27 
P 

 first test second test first test second test  
      
Infection      
SIRS on test day 24 (89) 17 (63) 22 (81) 20 (74) 1 
Sepsis on test day 23 (85) 15 (56) 20 (74) 19 (70) 2 
ICU acquired 17 (74) 15 (100) 16 (80) 19 (100)  
Causative micro-organism:*      

Enterobacteriaceae 15 (56) 12 (80) 15 (75) 17 (89)  
Yeasts and fungi 10 (43) 10 (67) 7 (35) 9 (47)  
Staphylococci 8 (30) 6 (40) 10 (50) 11 (58)  
Anaerobic Gram+ cocci 7 (30) 6 (40) 6 (30) 5 (26)  
Non-fermenting Gram- rods 9 (39) 11 (73) 7 (35) 12 (63)  
Others 3 (11) 1 (7) 4 (20) 1 (5)  

Bacteraemia 7 (26) 3 (11) 4 (15) 7 (26)  
Positive culture of tracheal aspirate 23 (85) 19 (70) 15 (56) 16 (59) 3 
Positive other local culture 12 (44) 12 (44) 16 (59) 19 (70) 4 
Temperature, °C 37.6 (33.4-38.8) 37.2 (36.0-39.7) 37.7 (35.0-39.4) 37.1 (36.1-39.2)  
Leukocytes, x109/L 11.2 (1.9-24.2) 10.8 (2.6-17.5) 12.3 (3.9-32.8) 14.3 (5.8-23.8) 6 
Platelets, x109/L 130 (32-481) 204 (25-906) 173 (40-818) 258 (20-463) 7 
Disease severity      
MAP, mm Hg 74 (55-107) 73 (45-90) 73 (48-93) 69 (54-108)  
Vasopressors/inotropes 23 (85) 22 (81) 24 (89) 24 (89)  
Mechanical ventilation 26 (96) 25 (93) 25 (93) 23 (85)  
Renal replacement therapy 7 (26) 1 (4) 10 (37) 8 (30) 5 
Arterial pH  7.40 (7.14-7.49) 7.44 (7.22-7.53) 7.41 (7.15-7.50) 7.44 (7.05-7.53) 8 
Bicarbonate, mmol/L 23.7 (14.2-32.1) 26.0 (18.0-33.1) 21.7 (12.5-35.2) 26.1 (6.9-33.2)   9 
SAPS II 41 (13-70) 36 (10-55) 40 (12-64) 39 (17-81) 10 
SOFA 10 (4-18) 7 (1-18) 9 (4-16) 8 (2-17) 11 
Multiple organ dysfunction 22 (81) 17 (63) 20 (74) 19 (70)  
Outcome      
Mortality until day 28 na 0 na 5 (19) 12 
ICU mortality na 6 (22) na 12 (44)  
Hospital mortality na 10 (37) na 12 (44)  
      
Median (range) or number (%), where appropriate. SIRS: systemic inflammatory response syndrome; ICU: intensive care unit; MAP: 
mean arterial pressure; SAPS II: Simplified Acute Physiology Score II; SOFA: Sequential Organ Failure Assessment; na: not 
applicable; *patients may have more than 1; P 1-5: multiple logistic regression, 6-11: ANOVA for repeated measures; 1 P=0.037 for 
Δcortisol change and time, i.e. second versus first test, interaction; 2 P=0.040 for Δcortisol change and time interaction;  3 P=0.026 
for Δcortisol change; 4 P=0.035 for Δcortisol change; 5 P=0.019 for Δcortisol change and time interaction; 6 P=0.003 for Δcortisol 
change; 7 P=0.019 for time, P=0.036 for Δcortisol change and time interaction; 8 P=0.005 for time; 9 P=0.002 for time; 10 P=0.001 
for time, P=0.023 for Δcortisol change and time interaction; 11 P=0.001 for time, P=0.010 for Δcortisol change and time interaction; 
12 P=0.051 (Fisher’s exact test). 
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Table 4. Clinical data and ACTH test results according to ICU mortality 
 
 Survivors 

n=36 
Non-survivors 

n=18 
P 

 first test second test first test second test  
      
ACTH test      
Days from admission to test 5 (1-37) 15 (2-92) 7 (1-26) 30 (5-85) 1 
Albumin, g/L 15 (6-32) 17 (5-24) 12 (6-20) 8 (3-17) 2 
Baseline cortisol, nmol/L 350 (30-1010) 350 (40-1160) 383 (74-630) 340 (135-635)  
Baseline cortisol/albumin, nmol/g 27 (1-53) 25 (2-62) 33 (12-57) 36 (10-197) 3 
∆cortisol, nmol/L 235 (-20-505) 258 (4-825) 145 (10-440) 150 (-407-400) 4 
∆cortisol, % 58 (-3-386) 73 (7-207) 48 (2-211) 41 (-89-296)  
∆cortisol <100 nmol/L 7 (19) 4 (11) 2 (11) 7 (39) 9 
∆cortisol <250 nmol/L 20 (56) 17 (47) 13 (72) 14 (78) 10 
∆cortisol/albumin, nmol/g 18 (0-34) 16 (0-43) 15 (1-51) 14 (-58-31)  
Peak cortisol, nmol/L  623 (30-1280) 545 (44-1620) 580 (230-1030) 475 (235-900)  
Post-test corticosteroid treatment 18 (50) 28 (78) 12 (67) 15 (83) 11 
Infection      
SIRS on test day 33 (92) 25 (69) 13 (72) 12 (67) 12 
Sepsis on test day 31 (86) 23 (64) 12 (67) 11 (61) 13 

ICU acquired 23 (74) 23 (100) 10 (83) 11 (100)  
Bacteraemia 10 (28) 5 (14) 1 (6) 5 (28) 14 
Positive culture of tracheal aspirate 25 (69) 21 (58) 13 (72) 14 (78)  
Positive other local culture 18 (50) 20 (56) 10 (56) 11 (61)  
Temperature, °C 37.5 (33.4-39.4) 37.7 (36.0-39.7) 37.7 (35.0-38.6) 36.8 (36.0-38.0)  
Leukocytes, x109/L 11.6 (1.9-32.8) 11.9 (4.9-23.8) 12.2 (3.9-24.8) 11.0 (2.6-23.7)  
Platelets, x109/L 155 (43-818) 248 (20-906) 135 (32-397) 153 (38-398)  
Disease severity      
MAP, mm Hg 74 (55-107) 70 (45-105) 78 (48-86) 71 (53-108)  
Vasopressors/inotropes 31 (86) 29 (81) 16 (89) 17 (94)  
Mechanical ventilation 34 (94) 31 (86) 17 (94) 17 (94)  
Renal replacement therapy 7 (19) 1 (3) 10 (56) 8 (44) 15 
Arterial pH 7.41 (7.15-7.50) 7.44 (7.25-7.53) 7.40 (7.14-7.47) 7.42 (7.05-7.53) 5 
Bicarbonate, mmol/L 23.8 (12.5-35.2) 27.1 (16.0-33.1) 21.6 (14.2-31.8) 25.3 (6.9-33.2) 6 
SAPS II 36 (12-70) 31 (10-57) 51 (27-64) 42 (24-81) 7 
SOFA 9 (4-15) 7 (1-18) 11 (6-18) 9 (3-17) 8 
Multiple organ dysfunction 25 (69) 20 (56) 17 (94) 16 (89) 16 
      
Median (range) or number (%), where appropriate. 500 nmol/L=18 µg/dL cortisol. ICU: intensive care unit; SIRS: systemic 
inflammatory response syndrome; MAP: mean arterial pressure; SAPS II: Simplified Acute Physiology Score II; SOFA: Sequential 
Organ Failure Assessment; P 1-8: ANOVA for repeated measures; P 9-16: multiple logistic regression: 1 P<0.001 for time, i.e. 
second versus first test; 2 P=0.006 for ICU mortality, P=0.019 for time; 3 P=0.025 for ICU mortality; 4 P=0.041 for ICU mortality; 5 
P=0.036 for ICU mortality, P=0.023 for time; 6 P=0.005 for time; 7 P=0.007 for ICU mortality, P=0.005 for time; 8 P=0.010 for ICU 
mortality, P=0.002 for time; 9 P=0.034 for ICU mortality and time interaction; 10 P=0.021 for ICU mortality; 11 P=0.007 for time; 12 
P=0.025 for ICU mortality and time interaction, P=0.042 for ICU mortality; 13 P=0.035 for ICU mortality and time interaction, P=0.035 
for ICU mortality; 14 P=0.035 for ICU mortality and time interaction; 15 P=0.008 for ICU mortality; 16 P=0.004 for ICU mortality. 
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Figure 1. Kaplan-Meier survival curves of stay in the intensive care unit for ∆cortisol change in repeated ACTH testing (nmol/L) 
(P=0.006, log-rank test; P=0.021 for day 28). 

 
 
 
Discussion 
 
Our observational longitudinal data in one of the few studies on repeated ACTH 
testing, suggest that an increase in the cortisol response to repeated ACTH testing 
and reversible RAI, independently of baseline cortisol levels and cortisol binding in 
blood, are associated with a decrease of sepsis and disease severity, and increase of 
survival, particularly after early corticosteroid treatment. These findings confirm that 
sepsis and severe disease are major determinants, as shown in transversal analyses 
[16,18], of a diminished response of cortisol to ACTH in critical illness and associated 
mortality, and beneficial effects of corticosteroid treatment herein. Thus, the change in 
cortisol response to ACTH in time during critical illness is not likely caused by poor 
reproducibility or altered baseline levels but primarily by varying degrees and 
reversibility of sepsis-induced RAI. Otherwise, the presence of sepsis at first and 
second ACTH test were often overlapping, so that it is hard to conclude on unresolved 
sepsis or a new, ICU-acquired episode of sepsis at the time of the second ACTH test. 
 Our current data are in agreement with our retrospective transversal data 
suggesting a ∆cortisol <100 nmol/L as the optimal cutoff to define RAI in patients with 

0 50 100 150 200

  Days

C
um

ul
at

iv
e 

su
rv

iv
al

1.0

0.8

0.6

0.4

0.2

0

cortisol increase
cortisol decrease



100

Chapter 6 
 

 

 100

septic shock and associated mortality and attenuation thereof by corticosteroid treat-
ment [16]. However, the data do not allow to conclude that, in retrospect, treatment by 
corticosteroids was most beneficial in improving survival, when given in septic patients 
with a ∆cortisol <100 nmol/L, as found in our previous study [16]. Nevertheless, in the 
current study which is one of few studies evaluating the significance of changes in the 
cortisol response to repeated ACTH testing in the course of critical illness, the 
association of early corticosteroid therapy after the first ACTH test, with, albeit not 
independently, a low ∆cortisol in the first test and increasing ∆cortisol responses in 
subsequent ACTH tests, and with survival (duration), is in agreement with the idea that 
the potential benefit of corticosteroid treatment in sepsis and shock is due to treatment 
of RAI rather than merely increasing vascular responsiveness to vasopressors given 
for shock. Briegel et al. noted that normalisation of subnormal cortisol responses to 
ACTH in patients who survived septic shock had occurred at a mean of 30 days after 
onset [4]. Our data suggest that reversal of sepsis may even be faster in survivors with 
an increase in ∆cortisol, even though we can only speculate on the role of 
corticosteroid therapy in aiding reversing rather than substituting for RAI. Conversely, 
the use of etomidate did not affect the course of ∆cortisol in our patients, probably 
because the effect of etomidate may be reversible within 24-72 h [17], which is shorter 
than the median interval between admission, often directly followed by intubation and 
start of mechanical ventilation, and ACTH tests in our study. 
 Our data confirm earlier results [18], showing that low pH/bicarbonate levels 
and low platelet counts are predictors of a diminished cortisol response to ACTH. 
These may be associated to sepsis and severe disease and their predictive value for 
RAI may be explained by metabolic acidosis suppressing adrenal cortisol synthesis 
[27], and circulating factors promoting adrenal microcirculatory thrombosis or bleeding, 
impairing cortisol synthesis [28], respectively.  
 The concept of RAI during sepsis and shock has been criticized because of, 
among others, poor predictive values of ACTH test results for the attenuating effect of 
corticosteroid treatment on vasopressor dependency and mortality, as claimed by 
others [2-17,20]. Furthermore, the recently completed multicentre CORTICUS trial [23] 
also does not seem to corroborate the latter findings, so that the controversy in this 
regard remains unresolved. In any case, our current study disagrees with the 
suggestion that the lack of predictive value of the ACTH test result and effect of 
hydrocortisone treatment on mortality as found in the CORTICUS study [23] is caused 
by less severe underlying disease, since the 28-day mortality in that study was about 
30%, higher than in ours. Nevertheless, our study may help to resolve ongoing 
controversy on the concept of RAI and to design future studies, by showing the clinical 
significance of temporal changes in ∆cortisol during critical illness using repeated 
ACTH testing, independent of baseline cortisol levels. 
  Our study has limitations, apart from relatively low numbers and the 
retrospective design. CBG and free cortisol levels were not measured in our study, 
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and we may thus have underestimated baseline free cortisol levels and rises upon 
ACTH [13,15,20-22]. However, we used albumin levels to estimate free cortisol, since 
albumin binds cortisol, although less than CBG, and both albumin and CBG levels 
may decrease to the same extent in critical illness [13,15,20-22]. The changes in total 
cortisol were paralleled by changes in estimated free cortisol upon ACTH in our study, 
as in others [13]. 

 In conclusion, an increasing cortisol response to ACTH using repeated ACTH 
testing in the course of critical illness relates to less sepsis and lower disease severity, 
beneficial effects of corticosteroid treatment and survival, independent of serum 
baseline cortisol levels and cortisol binding in blood. The findings argue in favour of 
the concept of RAI particularly during sepsis showing reversibility in survivors upon 
treatment with corticosteroids and worsening in non-survivors. The association 
between the cortisol response to repeated ACTH testing with disease severity, sepsis 
and mortality in hypotensive, critically ill patients should be evaluated prospectively, 
however. 
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Abstract 
 
Objective 
To investigate the effect of therapeutic hypothermia in the prognostic value of the 
pituitary-adrenal axis in comatose patients after cardiac arrest. 
 
Design 
Prospective observational study in intensive care units (ICU) of a university and an 
affiliated regional hospital. 
 
Patients 
Twenty-nine consecutive patients, in coma after cardiac arrest, admitted to the ICU 
and treated by hypothermia. 
 
Measurements 
On ICU-admission (T=1), at reaching the target of 32-33 °C during therapeutic 
hypothermia (T=2), at the end of hypothermia (T=3) and 48 hours later (T=4), plasma 
adrenocorticotropic hormone (ACTH), serum cortisol, albumin and corticosteroid-
binding globulin (CBG) were measured. A short 250 µg ACTH test was performed at 
each time-point, except at T=1. The free cortisol index (FCI) and free cortisol 
calculated by Coolens method were also evaluated. 
 
Results 
The ICU mortality was 59%, including withdrawal of life-sustaining treatment in 45% 
because of negative somatosensory evoked potentials. ACTH and (free) cortisol 
levels were elevated but higher in non-survivors than in survivors (mean 13.1 vs. 6.0 
pmol/L, and 1250 vs. 596 nmol/L, respectively). Levels decreased in time, but the 
relative difference between outcome groups was maintained until T=4. The cortisol 
response to ACTH was lower in non-survivors at T=3 (P=0.047) only.  
 
Conclusions 
In comatose patients resuscitated from cardiac arrest, the pituitary-adrenal axis is 
activated particularly in those dying in the ICU, irrespective of therapeutic hypothermia. 
Hence, activation of the axis may be a marker of fatal cerebral damage. There is no 
firm evidence for relative adrenal insufficiency associated with death and a transiently 
blunted cortisol response to ACTH in non-survivors may be attributed to higher 
baseline values.   
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Introduction 
 
Patients who are comatose after successful resuscitation for cardiac arrest, may 
exhibit alterations in the activity of the pituitary-adrenal axis, as reflected by circulating 
hormones, the significance of which is poorly understood [1-8]. Even when the axis is 
activated, adrenocortical secretion may be relatively insufficient for the severity of 
disease, denoting so called relative adrenal insufficiency (RAI) as described for septic 
shock for instance, and possibly associated with increased morbidity and mortality [1-
12]. Indeed, the standard, intravenous 250 µg adrenocorticotropic (ACTH) stimulation 
test may help to diagnose RAI when the cortisol response to ACTH is low, even when 
baseline cortisol levels are high, but optimal cortisol cutoff levels may vary among 
conditions and studies [9,13]. Other controversies about the concept of RAI are 
potential dependency of the increase on baseline cortisol, poor test reproducibility and 
prediction of the benefits of corticosteroid treatment on mortality [13-15]. Moreover, 
low levels of cortisol binding globulin (CBG) and hypoalbuminaemia in the course of 
severe disease may lower total cortisol levels and responses to ACTH, while free 
cortisol levels may be maintained [10,11,14]. After cardiac arrest, high frequencies of 
RAI contributing to morbidity and mortality were suggested on the basis of low 
baseline cortisol levels and/or low total cortisol increases (<250 nmol/L) upon ACTH 
[1-6,8]. In only two [3,5] studies, therapeutic hypothermia, introduced for the treatment 
of coma after cardiac arrest [16,17] was used, while the effect of hypothermia on 
stress hormones is variable [18-20]. 
 To study the effect of therapeutic hypothermia in the prognostic value of the 
pituitary-adrenal axis in comatose patients after cardiac arrest, we measured cortisol 
and ACTH levels and performed short ACTH stimulation tests during and after 
therapeutic hypothermia and compared outcome groups of patients with coma after 
cardiac arrest admitted to the intensive care unit (ICU). 
 
 
Patients and methods 
 
Patients 
This is a two-centre study. Consecutive patients admitted to the ICU of a university 
hospital and an affiliated regional hospital, from August 2004 until November 2005, in 
whom circulation had been restored after out-of-hospital or in-hospital cardiac arrest 
and in whom therapeutic hypothermia was instituted because of coma (Glasgow 
Coma Scale (GCS) score ≤8) after otherwise successful resuscitation were eligible for 
the study. Patients were excluded if they met the following criteria: age <18 years, 
causes of coma other than cardiac arrest, prior use of drugs affecting the pituitary-
adrenal axis such as corticosteroids, known abnormalities of the pituitary-adrenal axis, 
temperature <30 °C on admission, pregnancy and terminal illness preceding the 
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arrest. The study had been approved by the institutional ethical committees who 
waived informed consent, because of the diagnostic nature of this study otherwise 
regarded as safe.  
 
Treatment protocol  
Myocardial infarction was diagnosed on the basis of typical electrocardiographic 
changes and circulating creatine phosphokinase MB and troponin levels. In 9 patients 
(31%) a percutaneous cardiac intervention was done prior to ICU admission. The 
patients received heparin or nadroparin and acetylsalycilic acid as anticoagulation 
therapy. Therapeutic hypothermia was induced through infusion of ice-cold (4 °C) 
fluids in combination with surface cooling devices (Blanketrol II hyper-hypothermia, 
Cincinatti Sub-Zero, Cincinatti, USA), as soon as possible after ICU admission. 
Opiates and sedative and muscular relaxing agents were provided to prevent shivering 
with doses guided by patient comfort. The target (rectal) temperature was 32.0-33.0 
°C. Hypothermia was discontinued when the patient had been on target temperature 
for 24 hours. In 9 patients surface cooling devices were used to rewarm, others were 
passively rewarmed. Three patients had been intubated with help of the anaesthetic 
etomidate. All patients were mechanically ventilated on pressure control ventilation 
with tidal volumes not exceeding 10 mL/kg. As a routine, neurological examination and 
somatosensory evoked potential (SSEP) testing [21] was done on day 3 after arrest 
and rewarming, in the presence of a persistent GCS≤8, and this prognosticator of 
irreversible cerebral damage directed continuation or withdrawal of life-sustaining 
therapy. Hydrocortisone treatment (100 mg three times daily starting dose) for 
vasopressor-insensitive hypotension during follow-up was initiated by the attending 
intensivist in 10 cases. Patients were taken care of by physicians not involved in the 
study or aware of study results, according to institutional guidelines for post-resus-
citation care, including fluid challenges and vasopressor/inotropic therapy for 
hypotension and/or oliguria, and correction of glucose and electrolyte imbalances. 
When infection was suspected, appropriate imaging and microbiological local (urine, 
trachea or other) and/or blood cultures were done. 
 
Study protocol  
Demographic data including age, sex and length of ICU stay were recorded. Time 
from arrest to return of spontaneous circulation (ROSC) as witnessed by bystanders 
and time to rewarming (≥35.5 °C) were reported. Severity of disease prior to hypo-
thermia was assessed by calculation of the Simplified Acute Physiology Score II 
(SAPS II, 0-163) [22], including haemodynamic, pulmonary, renal, neurological, 
infectious and biochemical parameters. To assess neurological status prior to 
hypothermia, the GCS score was used. Prior to start of therapeutic hypothermia (0 h), 
and 2, 12 and 24 h later, mean arterial blood pressure (MAP) and rectal temperature 
data were collected. MAP was measured continuously (Maquette, GEMS, Milwauke, 
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Wisc., USA) after calibration and zeroing to atmospheric pressure, at the midchest 
level and end-expiration. Rectal temperature was measured continuously by a rectal 
probe. Interventions including type and doses of vasopressor/inotropic and 
hydrocortisone treatment were recorded. MAP and type and doses of vasopres-
sor/inotropic treatment before, 24 h and 48 h after start of hydrocortisone treatment 
were recorded, and the relative increases/decreases after 24 h and 48 h were 
calculated. Cardiogenic shock was defined as a systolic blood pressure of less than 80 
mm Hg in the absence of hypovolaemia and associated with myocardial infarction or 
prior congestive heart failure. Systemic inflammatory response syndrome (SIRS) was 
defined as two or more of the following criteria: a temperature >38 °C or <35.5 °C, a 
leukocyte count >12 or <4 x109/L, a heart rate >90/min, and a respiratory rate >20/min 
or the presence of mechanical ventilation. Sepsis was defined as the presence of 
SIRS with a positive microbiological local (urine, trachea or other) and/or blood culture. 
Patients were classified as having septic shock when meeting sepsis criteria and when 
systolic blood pressure was <100 mm Hg or mean arterial pressure <60 mm Hg 
requiring repeated fluid challenges and/or vasopressor/inotropic treatment, without 
prior diagnosis of cardiogenic shock. Post-resuscitation bacteraemia, sepsis or septic 
shock were defined as bacteraemia, sepsis or septic shock within 3 days post-
resuscitation, respectively. Mortality was defined as mortality in the ICU. 
 Prior to therapeutic hypothermia (T=1), when target temperature was reached 
(T=2), at the end of hypothermia (T=3) and 48 h later (T=4),  until start of 
hydrocortisone treatment, plasma ACTH and serum cortisol, albumin and CBG were 
measured. Blood was sampled in heparinized syringes, centrifuged at 3.000 rpm and 
plasma was stored at -80 °C until assayed. Except at T=1, a short 250 µg ACTH 
(tetracosactide-hexa-acetate, SynacthenR, Novartis Pharma, Basel, Switzerland) test 
was performed at each time-point, by taking blood samples for serum cortisol 
measurements at baseline and 30 and 60 min after intravenous injection of ACTH. 
The highest value of T=30 or T=60 for cortisol increase absolute to baseline values 
(∆cortisol) was taken. ACTH was measured by immunometric assay (Immulite 2500, 
DPC, Los Angeles, USA, n=2 values missing), cortisol by competitive immunoassay 
(ASC-180 System, Bayer Diagnostics, Netherlands), albumin by colorimetric 
immunoassay (Modular P800, Roche Diagnostics, Basel, Switzerland) and CBG by 
radio immunoassay (Biosource/Medgenix Diagnostic, Fleurus, Belgium, n=11 values 
missing). The coefficient of variation of these measurements are for ACTH 6% up to 
15 pmol/L and 3% if  >15 pmol/L for the intra-, and 6% for the interassay variation; the 
detection limit is 1.1 pmol/L. For cortisol, the values are 3% for the intra- and 6% for 
the interassay variation and the detection limit is 30 nmol/L (500 nmol/L=18 µg/dL). 
For CBG, the values are 6% for the intra- and 7% for the interassay variation and the 
detection limit is 11 mg/L. Since low levels of CBG and albumin may lower cortisol 
levels [10,11,23,24], we calculated the free cortisol index (FCI) from FCI = serum 
cortisol (nmol/L)/serum CBG (mg/L) [10,23]. The free cortisol level (U) was also 
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calculated using the Coolens equation [24]: U x K(1+N) + U[1 + N + K (G-T)]=0, where 
U, T and G correspond to the molar concentrations of unbound cortisol, total cortisol 
and CBG respectively, K to the affinity of CBG for cortisol at 37 °C and N to the ratio of 
albumin-bound to unbound cortisol. In dynamic testing of the pituitary-adrenal axis 
after cardiac arrest, RAI was defined as a ∆cortisol <250 nmol/L (9 µg/dL) upon ACTH 
[3,5,6]. 
 
Statistical analysis 
In comparing groups, univariate analyses were done using the Fisher's exact test for 
categorical variables and the Mann-Whitney-U test for continuous variables (SPSS 
v12, SPSS Inc, Chicago, Ill., USA). The Friedman test was performed to evaluate the 
course of variables in time. We performed stepwise backward Cox proportional 
hazards modeling to evaluate the contribution of ACTH/cortisol data and 
hydrocortisone treatment, to ICU mortality prediction on the basis of SAPS II and 
presence of cardiogenic shock and hypotension. Stepwise backward logistic 
regression analysis was done for the same variables of which ACTH/cortisol data  only 
at T=1, to predict the SSEP result. The square of the non-parametric Spearman rank 
correlation coefficient (r2

s) was taken to express the degree of relations between 
variables. Data are expressed as median (range) or mean (standard error of the 
mean, SEM) for graphical presentation. A two-sided P<0.05 was considered to 
indicate statistical significance and exact P values <0.05 are given, unless <0.001.  
 
 
Results 
 
Patient characteristics  
Twenty-nine consecutive patients were included in the study and characteristics are 
shown in Table 1. Twenty-seven patients had a cardiac arrest of cardiac origin, while 
of 2 patients the cause was unknown. The ICU mortality was 59% and 3 patients died 
between T=3 and T=4, one because of post-resuscitation septic shock, and two after 
withdrawal of life-sustaining therapy because of a negative SSEP of whom one was 
treated by hydrocortisone before T=3. Fifteen patients (52%) died in the ICU after 
withdrawal of life-sustaining therapy because of a combination of poor neurological 
score and negative SSEP. There were no differences in time from arrest to ROSC 
between survivors and non-survivors. Rewarming took 15 (6-38) h in survivors and 9 
(5-24) h in non-survivors (P=0.048). 
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Table 1. Patient characteristics 
 
 Survivors  

n=12 
Non-survivors  

n=17 
P 

    
Age, years 60 (46-77) 70 (30-79)  
Sex, m/f 10 (83)/2 (17) 13 (76)/4 (24)  
SAPS II 56 (39-83) 64 (30-80) 0.049 
GCS 3 (3-6) 3 (3-8)  
Time from arrest to ROSC, min 11 (3-19) 12 (5-30)  
Out-of-hospital arrest 10 (83) 15 (88)  
Primary cardiac arrest 12 (100) 15 (88)  
Ventricular defibrillation 19 (11) 12 (71)  
Myocardial infarction 8 (67) 5 (29)  
Prior etomidate for intubation 2 (17) 1 (6)  
At presentation in ICU    

Cardiogenic shock 1 (8) 8 (47) 0.043 
PCI 6 (50) 3 (18)  

Post-resuscitation bacteraemia 1 (8) 2 (12)  
Post-resuscitation sepsis 5 (42) 11 (65)  
Post-resuscitation septic shock 3 (25) 4 (24)  
Negative SSEP na 15 (88)  
Hydrocortisone after ACTH tests 3 (25) 7 (41)  

duration, days 8 (4-14) 4 (3-9)  
cumulative dose, mg 2400 (450-3125) 800 (350-2300)  

Length of ICU stay, days 9 (4-28) 6 (3-20) 0.024 
Length of hospital stay, days 38 (8-67) 6 (3-20) <0.001 
    
Data are expressed as median (range) or number (%), where appropriate. SAPS II: Simplified Acute Physiology 
Score II; GCS: Glascow Coma Scale; ROSC: return of spontaneous circulation; ICU: intensive care unit; PCI: 
percutaneous coronary intervention; SSEP: somatosensory evoked potential; na: not applicable. 
 

 
 
 More non-survivors than survivors had cardiogenic shock. Seven of nine 
patients with cardiogenic shock, of whom 1 survivor, had a positive microbiological 
local (urine, trachea or other) and/or blood culture within 3 days post-resuscitation. 
Rates of post-resuscitation bacteraemia and septic shock were low and did not differ 
among survivors and non-survivors. Non-survivors had lower MAP both at the onset of 
hypothermia and 24 hours later (Table 2). Hydrocortisone was administered in 2 non-
survivors before T=3, and in 1 survivor and 2 non-survivors between T=3 and T=4. In 
1 survivor and 1 non-survivor it was administered at day 1 after the study period, in 1 
non-survivor at day 2 thereafter, in 1 non-survivor at day 7 thereafter, and in 1 survivor 
at day 15 thereafter. MAP increased in all but 2 patients at 24 h and 48 h after start of 
hydrocortisone but the relative increase did not differ between survivors and non-
survivors. Doses of vasopressor/inotropic treatment increased in only one patient at 24 
h after start of hydrocortisone treatment, but doses did not differ between survivors 
and non-survivors.  
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Table 2. Course of vital parameters 
 
 Survivors  

n=12 
Non-survivors  

n=17 
P 

    
Time to target temperature, h 5.6 (1.0-17.0) 5.0 (0.7-14.7)  
Temperature 0h,°C 35.6 (33.7-37.0) 34.7 (33.1-37.2)  
Temperature 2h,°C 34.7 (31.7-36.3) 33.8 (31.4-36.5)  
Temperature 12h,°C 32.7 (30.8-34.2) 32.0 (31.5-34.0)  
Temperature 24h,°C 32.3 (31.2-33.6) 32.4 (31.3-34.0)  
MAP 0h, mm Hg 94 (72-125) 77 (41-141) 0.044 
MAP 2h, mm Hg 92 (65-120) 78 (63-105)  
MAP 12h, mm Hg 86 (60-100) 78 (62-89)  
MAP 24h, mm Hg 86 (65-92) 70 (59-111) 0.019 
MAP before start hydrocortisone, mm Hg1 62 (51-68) 71 (65-85)  
MAP 24h after start hydrocortisone, mm Hg 73 (67-81) 77 (71-81)  
MAP 48h after start hydrocortisone, mm Hg 93 (82-107) 73 (70-97)  
Vasopressors/inotropes 10 (83) 16 (94)  
Dopamine 6 (50) 10 (59)  

Maximum dose, mg/h 7 (4-24) 8 (3-20)  
Dose before start hydrocortisone, mg/h2 20 13 (5-20)  
Dose 24h after start hydrocortisone, mg/h 20 0  
Dose 48h after start hydrocortisone, mg/h 0 0  

Noradrenaline (norepinephrine) 7 (58) 11 (65)  
Maximum dose, mg/h 0.2 (0.1-0.7) 1.0 (0.04-6.82)  
Dose before start hydrocortisone, mg/h3 0.2 0.2 (0-1.5)  
Dose 24h after start hydrocortisone, mg/h 0.4 0.2 (0-1.0)  
Dose 48h after start hydrocortisone, mg/h 0.1 0.0 (0-0.5)  

    
Data are expressed as median (range) or number (%), where appropriate. T=0, T=2, T=12, T=24: 0, 2, 12, 24 hours 
after start of therapeutic hypothermia, respectively; MAP: mean arterial pressure; 1 n=3 for survivors and n=7 for non-
survivors for MAP before, 24 h and 48 h after start hydrocortisone; 2 n=1 for survivors and n=2 for non-survivors for 
doses before, 24 h and 48 h after start hydrocortisone; 3 n=1 for survivors and n=6 for non-survivors for doses before, 
24 h and 48 h after start hydrocortisone. 
 

 
 
Pituitary-adrenal axis, ACTH test and outcome  
Table 3 and Fig. 1 describe the results at various time points: ACTH and baseline 
(free) cortisol (index) levels were higher in non-survivors than in survivors until T=4, 
although  in all patients ACTH, baseline cortisol, CBG, albumin and free cortisol levels 
decreased in time (P=0.002 or less) and the ratios of cortisol and FCI over ACTH 
increased (P=0.001 or less) in time. In contrast, the ratios between cortisol and FCI to 
ACTH did not differ among outcome groups, except for a higher FCI/ACTH in 
survivors (P=0.047)  at T=2. The (free) cortisol response to ACTH was lower in non-
survivors at T=3 only.  
 
Correlations  
Baseline cortisol levels, FCI and free cortisol levels related directly and ∆cortisol 
related inversely to ACTH levels at each time point (minimum r2

s=0.25, P=0.009). 
Baseline cortisol inversely related to ∆cortisol at T=2 and T=3 (minimum r2

s=0.32, 
P=0.002), and directly to FCI and free cortisol at all time points (minimum r2

s=0.46, 
P<0.001). CBG levels directly related to albumin levels at all time points (minimum 
r2

s=0.29, P=0.002). ∆cortisol at T=3 related to ∆cortisol at T=4 (r2
s=0.64, P<0.001). 
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Table 3. Total cortisol, binding proteins and free cortisol index 
 
 Survivors  Non-survivors  P 
    
T=1 n=12 n=17  
Cortisol, nmol/L 596 (263-1701) 1250 (405-1997) 0.004 
FCI 2.3 (0.5-4.7) 3.2 (1.2-10.9) 0.030 
FCI/ACTH, nmol/pmol 0.28 (0.04-1.48) 0.24 (0.02-1.13) 0.599 
CBG, mg/L 31.5 (20.0-56.4) 35.0 (14.0-57.5) 0.325 
Albumin, g/L 29.0 (13.0-38.2) 30.0 (11.0-35.1) 0.777 
    
T=2 n=12 n=17  
Baseline cortisol, nmol/L 495 (140-1679) 930 (60-2161) 0.007 
FCI 2.3 (0.5-8.3) 2.7 (0.2-7.2) 0.363 
FCI/ACTH, nmol/pmol 1.11 (0.16-3.5) 0.61 (0.04-1.40) 0.047 
Cortisol, T=30, nmol/L 730(494-1841) 1210 (615-2167) 0.022 
Cortisol, T=60, nmol/L 795 (385-1738) 1066 (707-2308) 0.044 
∆cortisol, nmol/L 295 (-40-1040) 130 (-461-655) 0.458 
∆cortisol <250 nmol/L 4 (33) 11 (65) 0.139 
∆cortisol/CBG, nmol/mg 11.3 (-1.7-20.2) 5.1 (-11.5-22.0) 0.452 
CBG, mg/L 23.0 (20.0-51.4) 35.3 (17.0-56.2) 0.087 
Albumin, g/L 25.5 (11.0-35.0) 29.0 (14.0-36.0) 0.048 
    
T=3 n=12 n=15  
Baseline cortisol, nmol/L 323 (115-689) 540 (105-1450) 0.057 
FCI 1.2 (0.6-4.1) 2.9 (1.0-5.6) 0.017 
FCI/ACTH, nmol/pmol 1.24 (0.83-3.70) 1.26 (0.04-3.16) 0.771 
Cortisol, T=30, nmol/L 665 (489-1209) 710 (445-1463) 0.683 
Cortisol, T=60, nmol/L 795 (534-1355) 910 (574-1553) 0.733 
∆cortisol, nmol/L 440 (269-1048) 208 (-8-1282) 0.047 
∆cortisol <250 nmol/L 0 8 (47) 0.009 
∆cortisol/CBG, nmol/mg 23.5 (7.3-39.3) 8.5 (-0.2-54.5) 0.036 
CBG, mg/L 21.0 (16.9-37.8) 22.0 (12.7-42.6) 0.931 
Albumin, g/L 21.0 (9.0-28.8) 20.3 (11.0-26.9) 0.837 
    

T=4 n=11 n=11  
Baseline cortisol, nmol/L 345 (152-791) 595 (75-1277) 0.056 
FCI 1.6 (0.8-2.9) 2.8 (0.2-5.7) 0.035 
FCI/ACTH, nmol/pmol 0.96 (0.70-2.03) 1.42 (0.09-2.50) 0.633 
Cortisol, T=30, nmol/L 792 (81-1935) 830 (580-1540) 0.705 
Cortisol, T=60, nmol/L 1021 (201-2160) 1105 (695-1620) 0.904 
∆cortisol, nmol/L 643 (211-1425) 355 (75-993) 0.114 
∆cortisol <250 nmol/L 1 (8) 3 (23) 0.622 
∆cortisol/CBG, nmol/mg 28.9 (4.8-52.3) 12.4 (5.8-44.4) 0.173 
CBG, mg/L 21.5 (12.0-49.0) 23.7 (11.4-34.0) 0.796 
Albumin, g/L 22.0 (10.0-27.9) 22.0 (10.0-23.2) 0.365 
    
Data are expressed as median (range) or number (%), where appropriate. For time (T) intervals see text; FCI: free 
cortisol index; ACTH: adrenocorticotropic hormone; CBG: corticosteroid-binding globulin; 500 nmol/L=18 µg/dL cortisol. 
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Figure 1. A. ACTH levels (P=0.004 at T=2, and P=0.007 at T=3). On admission T=1, at reaching the target temperature T=2, at 
cessation of hypothermia T=3, and 48 hours after cessation of hypothermia T=4 among survivors (dashed lines) and non-survivors 
(continuous lines) (mean±SEM). B. Calculated free cortisol levels (P=0.003 at T=1, P=0.023 at T=2 and P=0.036 at T=3).  On admis-
sion T=1, at reaching the target temperature T=2, at cessation of hypothermia T=3, and 48 hours after cessation of hypothermia T=4 
among survivors (dashed lines) and non-survivors (continuous lines) (mean±SEM). 

 
 
Multivariate analysis  
After entering cortisol (binding)/ACTH data per time point, together with SAPS II score, 
presence of cardiogenic shock and MAP at 0h in Cox proportional hazard models for 
prediction of survival time, significant, independent and direct contributions were 
observed by the baseline cortisol levels at T=1 and T=2 (P=0.002 or less) and the FCI 
at T=2 (P=0.010), but not by ACTH, ACTH-induced increases in cortisol levels and 
hydrocortisone treatment. In multiple logistic regression analysis for prediction of a 
negative SSEP, the presence of cardiogenic shock and the T=1 cortisol level 
contributed (P=0.036 or lower) independently. 
 
 
Discussion 
 
Our study suggests that cardiogenic shock, persistent hypotension and fatal cerebral 
damage in comatose patients after successful cardiopulmonary resuscitation for out-
of-hospital cardiac arrest, may be associated with greater activation of the pituitary-
adrenal axis than in ICU survivors. Our study also suggests that this prognostic value 

A
C

TH
, p

m
ol

/L

C
al

cu
la

te
d 

fre
e 

co
rti

so
l, 

nm
ol

/L

1 2 3 4  
TimeTime

1 2 3 4  

600

500

400

300

200

100

60.0

50.0

40.0

30.0

20.0

10.0

0

A. B.



115

The pituitary-adrenal axis in comatose patients after cardiac arrest 
 
 

 115

is not affected by therapeutic hypothermia and argues against the occurrence of RAI 
in these cardiac arrest patients, particularly when non-surviving.   
 Baseline cortisol levels were elevated on admission and decreased during the 
following days, and were higher in non-survivors than in survivors, regardless of 
therapeutic hypothermia. The elevated cortisol values can be attributed to elevated 
ACTH levels, which were elevated on admission and decreased to normal levels 
during the first days thereafter, in accordance with the literature [1,2,7,25]. In other 
studies however, baseline cortisol levels were lower in non-survivors, considered by 
some authors as RAI contributing to a dismal outcome [1,2,4,8]. In the absence of a 
group not treated by hypothermia we cannot decide, however, whether hypothermia 
attenuated pituitary-adrenal activation or not [18-20]. We also cannot exclude that 
hypothermia increased the adrenal response to ACTH or dissociated adrenal secretion 
from pituitary stimulation [10], since the (free) cortisol to ACTH ratio increased in time, 
regardless of outcome. As reported earlier [10,11,23,24], many critically ill patients 
have low binding proteins which would lower the concentration of total cortisol and we 
therefore evaluated free cortisol levels. The conclusions of our study do not seem to 
depend on alterations of binding proteins in time, however.  
 Hypotension, particularly in non-survivors, could be attributed to more severe 
cardiac damage or dysfunction following more prolonged cardiac arrest and may thus 
have contributed to irreversible neurological damage, as indicated by the negative 
SSEP [21]. The test, done on day 3 after arrest, is therefore used, as recommended 
before [21], to decide on fatal cerebral damage and withdrawal of life-sustaining 
treatment in arrest patients in our departments. We cannot exclude that more severe 
post-arrest hypotension rather than more prolonged cardiac arrest in our non-survivors 
than in survivors, contributed to greater activation of the pituitary-adrenal axis. The 
former is favoured, since time from arrest to ROSC did not differ among survivors and 
non-survivors in our study, and cortisol levels were not elevated following prolonged 
(versus brief episodes of) arrest and lack of return of circulation during resuscitation, 
even in face of increased ACTH levels, in the Lindner et al. study [1].   
 In our study, increases upon exogenous ACTH in circulating cortisol were 
transiently lower in non-survivors, only after therapeutic hypothermia, in agreement 
with the two only studies on patients successfully resuscitated after cardiac arrest in 
which therapeutic hypothermia was reported [3,5]. Some previous studies reported an 
association between low cortisol increases, post-resuscitation shock and mortality in 
patients after cardiac arrest, arguing in favour of RAI contributing to a poor outcome, 
although most of these studies, as ours, used a cortisol cutoff value <250 nmol/L 
which has been taken from a study on septic shock patients [2,3,5,6,8]. In contrast, 
our data argue against RAI contributing to a poor outcome, because neither low 
baseline cortisol levels nor low responses of cortisol to ACTH and lack of treatment by 
hydrocortisone therapy predicted mortality, independently from disease severity and 
cardiogenic shock or hypotension. Hence, the relatively low increase in cortisol upon 
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ACTH can be attributed to relatively high baseline cortisol values, limiting a rise upon 
ACTH, rather than RAI, as in healthy Dutch volunteers [26]. Our prospective data 
confirm previous findings, in which cardiac arrest and resuscitation did not appear 
independent risk factors for RAI [27]. In this prospective study on patients after cardiac 
arrest, rates of post-resuscitation bacteraemia and septic shock were relatively low at 
least up to T=4, thereby explaining perhaps poorly identifiable RAI, which may indeed 
occur in the course of post-resuscitation sepsis and inflammation [28]. 
 Hydrocortisone was administered to increase vascular tone during hypotension. 
Indeed, MAP increased  and doses of vasopressor/inotropic treatment decreased in 
most of our patients, although, partly due to the low number of patients, there were no 
differences among survivors and non-survivors. Absence of clearly identifiable RAI in 
our patients suggests that ACTH testing may not be warranted to guide hydrocortisone 
treatment. Indeed, the success of early hydrocortisone treatment to restore return of 
circulation after cardiac arrest may be independent of cortisol levels [7]. 
 
 
Conclusions 
 
In comatose patients resuscitated from cardiac arrest, the pituitary-adrenal axis is 
activated particularly in those dying in the ICU, irrespective of therapeutic hypothermia. 
Hence, activation of the axis may be a marker of fatal cerebral damage. We found no 
firm evidence for RAI associated with death and necessitating hydrocortisone 
treatment, while a transiently blunted total cortisol response to ACTH in non-survivors 
may be attributed to higher baseline values.  
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Summary 
 
In this thesis we explored the concept of relative adrenal insufficiency (RAI) in critically 
ill patients. We studied predictors for RAI, and cross-sectionally investigated the 
predictive value of RAI for mortality and effects of corticosteroid treatment in septic and 
non-septic critically ill patients. We used repeated adrenocorticotropic hormone (ACTH) 
testing to explore the predictive value of RAI longitudinally. Finally, we studied the effect 
of therapeutic hypothermia in the prognostic value of components of the pituitary-
adrenal axis such as ACTH, cortisol and the cortisol response to ACTH in comatose 
patients after cardiopulmonary resuscitation (CPR) for cardiac arrest.  
 
Chapter 1 
One of the body’s most important regulatory systems needed to achieve adaptive 
responses to stress is the hypothalamic-pituitary-adrenal (HPA) axis, with cortisol as 
one of the main end products. Cortisol is important for cardiovascular reactivity, 
metabolism, and anti-inflammatory effects. Although highly activated, the HPA axis 
activity can be insufficient for the degree of stress, a state which may be denoted as 
RAI. During critical illness, many factors can impair the cortisol response to ACTH. This 
HPA response to stress and thus RAI is principally diagnosed in the critical care setting 
by dynamic adrenal testing with help of the standard short ACTH stimulation test. 
Diagnostic tests evaluating the entire HPA axis, such as the insulin tolerance test and 
the metyrapone test, are not routinely used in the intensive care unit (ICU) as these 
tests are complex, cumbersome and carry some risk. RAI may have prognostic 
significance, since treatment with corticosteroids in patients with RAI may have 
beneficial effects by improvement in haemodynamics and a reduction in the need for 
vasopressor therapy, and RAI may predict reduction of mortality by hydrocortisone 
therapy. There are some controversies in the concept of RAI, such as the dose of 
ACTH administered, appropriate cutoff levels for the diagnosis of RAI, and thereby 
about the prognostic value with regard to mortality and corticosteroid treatment; a 
random/baseline cortisol level may not adequately reflect the 24-hour secretory profile 
in the critically ill; total serum cortisol levels may underestimate the free cortisol levels 
which are responsible for the physiological activity; finally, repeated ACTH testing may 
have poor reproducibility. These controversies can be linked to the aims of this thesis: 
exploring the concept of RAI in terms of predictors for RAI, the predictive value of RAI 
for mortality and beneficial effects of corticosteroid treatment, the predictive value of 
RAI in repeated ACTH testing, and the effect of therapeutic hypothermia in the 
prognostic value of the pituitary-adrenal axis in comatose patients after CPR for 
cardiac arrest. 
 
Chapter 2  
We review criteria of abnormal 250 µg ACTH-induced cortisol patterns which are 
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commonly used to define RAI/non-responsiveness to ACTH in the critically ill, and 
evaluate the value of these patterns, in predicting haemodynamic responses to 
treatment with corticosteroids and mortality rates. RAI has not been defined clearly, 
and a wide variety of cutoff levels has been used to indicate hyporesponsiveness to 
ACTH, by many regarded as the main diagnosticum for RAI. Random or baseline 
cortisol levels, peak cortisol levels upon ACTH testing, increments from baseline to 
peak cortisol levels after ACTH, or combinations are used to indicate RAI. This 
heterogeneity of cutoff levels subsequently leads to the reported varying prevalences 
(0-84%). Furthermore, there is no consensus about the predictive value of the different 
cortisol levels for steroid-responsiveness, nor about prognostic values regarding to 
disease severity or mortality. 
 
Chapter 3  
We describe whether there are predictors for RAI, which may help to gain insight in the 
pathophysiology of RAI and to select patients for ACTH testing. A mixed population of 
405 critically ill patients who underwent a 250 µg ACTH stimulation test because of 
prolonged hypotension and/or need for vasopressor/inotropic therapy was studied in a 
retrospective setting and comprised the largest series on ACTH testing hitherto 
reported. Clinical variables were collected at admission and at the test day. In 
multivariate analyses, we found that low pH/bicarbonate, low platelets, the severity of 
disease and organ failure, and absence of prior cardiac surgery are predictors of a 
subnormal adrenocortical response to ACTH defined as a cortisol increase of less than 
250 nmol/L or a cortisol peak value of less than 500 nmol/L, independently of baseline 
cortisol values and cortisol binding capacity in blood. Furthermore, baseline 
cortisol/albumin ratios, as an index of free cortisol, related directly and the increases of 
cortisol/albumin inversely to disease severity indicators. These data suggest 
involvement of metabolic acidaemia and coagulation disturbances in the 
pathophysiology of adrenocortical dysfunction, particularly in non-cardiac (surgery) 
patients. 
 
Chapter 4 
In this chapter, we report on our investigation to evaluate the concept of RAI in septic 
shock. In 218 patients with septic shock who underwent a short 250 µg ACTH test 
because of longer than 6 hours hypotension requiring repeated fluid challenges and/or 
vasopressor/inotropic treatment, we explored different cortisol cutoff levels for mortality 
prediction and investigated whether there are beneficial effects of treatment with 
corticosteroids. Firstly, we found that in these patients a cortisol response to ACTH of 
less than 100 nmol/L, independent of blood cortisol binding by albumin, appeared to be 
related to severity of disease and thereby mortality. However, ACTH/cortisol responses 
did not predict outcome independently of disease severity, and thus a low cortisol 
response to ACTH may be a marker rather than a mediator of severe disease and 
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associated mortality. Secondly, the cortisol response of less than 100 nmol/L was able 
to predict a haemodynamic and outcome benefit from corticosteroid treatment. These 
findings favour the concept of RAI occurring in patients with septic shock.  
 
Chapter 5 
Whether the findings found in Chapter 4 could be confirmed in non-septic critically ill 
patients as well, is described in this chapter. In a retrospective study on 172 non-septic 
patients of whom 51% after trauma or surgery, we found that baseline cortisol levels, in 
particular when higher than 475 nmol/L, predict mortality, partly dependent of disease 
severity, suggesting sufficient adaptation to stress, independent of cortisol binding in 
blood. We explored the cortisol cutoff level with the best discriminative value for 
mortality, but the resultant cortisol response to ACTH of less than 200 nmol/L had little 
value to predict a beneficial effect of corticosteroid treatment on haemodynamics and 
mortality, which argues against RAI identifiable by ACTH/cortisol testing and 
necessitating corticosteroid treatment in non-septic hypotensive ICU patients. 
 
Chapter 6 
This study investigated the significance of temporal changes in cortisol responses to 
repeated ACTH testing with regard to disease severity, mortality, and corticosteroid 
treatment during the course of critical illness. We retrospectively identified 54 critically 
ill patients who underwent two or more ACTH tests with an interval of more than 24 
hours because of prolonged hypotension requiring repeated fluid challenges or 
vasopressor/inotropic treatment for both tests. We found that a higher cortisol 
response of the second ACTH test compared to the first ACTH test using repeated 
ACTH testing in the course of critical illness, relates to less sepsis and lower disease 
severity, beneficial effects of corticosteroid treatment and survival, independent of 
serum baseline cortisol levels and cortisol binding in blood. Thus, the changes in 
cortisol responses to ACTH in time during critical illness are not likely to be caused by 
poor reproducibility or altered baseline levels, but more likely by varying degrees and 
reversibility of sepsis-induced RAI. These findings argue in favour of the concept of 
potentially harmful RAI necessitating early and prolonged corticosteroid therapy and 
showing reversibility in survivors, during sepsis.  
 
Chapter 7  
This chapter reports on our prospective study to investigate the effect of therapeutic 
hypothermia in the prognostic value of the pituitary-adrenal axis and cortisol responses 
to ACTH in 29 comatose patients after cardiac arrest who were successfully 
resuscitated and treated with induced hypothermia. We measured cortisol and ACTH 
levels prior to, during and after therapeutic hypothermia, and did short ACTH 
stimulation tests during and after therapeutic hypothermia. ACTH and (free) cortisol 
levels were elevated, but higher in non-survivors than in survivors, whereas cortisol 
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responses to ACTH did not differ. Levels of ACTH and (free) cortisol decreased in 
time, but the relative difference between outcome groups was maintained. In 
multivariate analysis, only baseline cortisol levels prior to and during therapeutic 
hypothermia independently contributed to prediction of survival time, whereas ACTH, 
ACTH-induced increases in cortisol levels and hydrocortisone treatment did not. 
Negative somatosensory evoked potentials as prognosticators of irreversible cerebral 
damage were predicted by baseline cortisol levels prior to therapeutic hypothermia. 
Thus, in comatose patients resuscitated from cardiac arrest, the pituitary-adrenal axis 
is activated particularly in non-survivors, irrespective of therapeutic hypothermia. 
Hence, activation of the pituitary-adrenal axis may be a marker of fatal cerebral 
damage. Hypothermia does not seem to have a suppressing effect on pituitary-adrenal 
function. There is no evidence for RAI contributing to death in patients after cardiac 
arrest who were successfully resuscitated, and a transiently blunted cortisol response 
to ACTH in non-survivors may be attributed to higher baseline cortisol values. 
 
 
General discussion 
 
Adequate adrenocortical function is essential for the human organism to maintain 
homeostasis during stress. However, adrenal failure was once considered a rare 
diagnosis in the ICU, but is now increasingly reported in a broad group of critically ill 
patients, in particular those with septic shock, but also in patients with pneumonia, 
multitrauma, head injury, burns, human immunodeficiency virus infection, 
pancreatitis, liver failure, brain-dead, and following the use of etomidate [1-9]. 
Adrenal failure may be absolute due to structural damage to the adrenal gland, 
pituitary or hypothalamus, or relative, as many critically ill patients suffer from a 
transient and reversible failure at any point in the HPA axis. There is discussion 
whether or not the terms ‘absolute’ versus ‘relative’ are most appropriate with regard 
to adrenal dysfunction and alternative terms as critical illness-related corticosteroid 
insufficiency (CIRCI) have been proposed very recently, indicating inadequate 
corticosteroid activity for the severity of the patient’s illness [10]. We still use the term 
relative adrenal insufficiency (RAI) as we focus on its diagnosis and the value of the 
short ACTH test in this regard. RAI has therefore been defined as a clinical picture of 
prolonged hypotension with vasopressor-dependency in combination with a 
subnormal response to 250 µg of ACTH. 
 RAI, which may be diagnosed with help of the standard short ACTH test and in 
which serum cortisol levels, although high in absolute terms, are insufficient to 
maintain homeostasis, has been described as a harmful entity in the critically ill 
patient due to the associated increased risk of death, although this can be debated, 
as reviewed in Chapter 2. The reported incidence of this so called RAI varies widely 
(0-84%) depending on definitions, the population being studied and the diagnostic 
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tests involved. There is general agreement that RAI develops in at least 10-20% of 
patients in a general ICU, approaching 60% in septic shock patients [11]. Diagnosis 
of RAI with help of the ACTH test is hampered by some difficulties. For example, the 
dose of ACTH is controversial and the ‘normal’ response to ACTH is unknown. 
Assays are not uniform and show wide variations in test characteristics. Furthermore, 
the ACTH test does not assess the integrity of the entire HPA axis, the response of 
the HPA to other stresses, or the adequacy of stress cortisol levels. Indeed, even 
50% of healthy volunteers have a cortisol increase upon ACTH of less than 250 
nmol/L [12]. In spite of these limitations the ACTH test has found its way from 
classical endocrinology toward critical care medicine, with a proven value in several 
studies [13-15].  
 
RAI: its predictors and a predictor itself  
The main focus in the chapters 3 to 7 was to evaluate predictors of a subnormal 
ACTH-induced cortisol response and to investigate the capacity of RAI to predict 
disease severity, mortality and beneficial effects of corticosteroid treatment in these 
patients. 
 Clinical features, manifestations and pathophysiology of RAI are poorly 
understood. However, we showed in Chapter 3 that low pH/bicarbonate and platelets, 
and the severity of disease and organ failure are predictors of a subnormal 
adrenocortical response to ACTH, and that none of the classic signs and symptoms 
associated with adrenal insufficiency such as fever, hyponatraemia and hyperkalaemia 
were predictive for RAI. Metabolic acidosis can directly suppress the adrenal cortisol 
synthesis [16], which may explain our surprising finding that a low pH and bicarbonate 
were predictive for RAI. Indeed, acid-base disturbances showed a dissociation 
between ACTH, plasma renin activity, aldosterone and cortisol responses, as 
described by Yamauchi et al. [16]. Other factors than ACTH and plasma renin activity 
could be involved in the decline of serum cortisol levels, such as acidosis and 
hyperkalaemia, but in our study hyperkalaemia did not appear to be a predictor for 
RAI. As shown, the function of the adrenal cortex may further be impaired by 
coagulation disturbances. The contribution of low platelets to a low cortisol response 
upon exogenous ACTH, independently of sepsis or infection, may be caused by 
circulating factors promoting platelet aggregation and impairing adrenal function, or 
may be associated with adrenal microcirculatory thrombosis or bleeding, which can 
impair cortisol synthesis [17]. With the knowledge of predictors for RAI, we may better 
select patients for ACTH testing, and gain insight into the pathophysiological 
mechanisms of a low cortisol response to ACTH. 
 In two retrospective studies we explored the main controversies of the concept 
of RAI: whether RAI can predict disease severity, mortality and beneficial effects of 
corticosteroid treatment in the critically ill, and thus, should we use the ACTH test to 
select and diagnose those patients who could benefit from this treatment? In Chapter 
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4 it was demonstrated that in septic shock patients, a low cortisol response (<100 
nmol/L) related to severity of disease and to mortality. Moreover, it predicted a 
haemodynamic and outcome benefit of corticosteroid treatment for these patients, 
confirming previous findings by Annane et al. [15], but contrasting the recent 
CORTICUS study [18]. In this large randomized, double-blind, placebo-controlled trial, 
233 of 499 patients who did not respond to ACTH (cortisol increase of less than 250 
nmol/L), were assigned to treatment with moderate-dose hydrocortisone or placebo. 
Hydrocortisone did not improve survival or reversal of septic shock overall nor in non-
responders. However, although this study on corticosteroids in septic shock is the 
largest trial on this subject, it was not  adequately powered to detect a substantial 
reduction of relative risk of death [19]. The 95% confidence interval for the relative risk 
of death overlapped the risk from the Annane et al. [15] study, and thus the 
controversy remains unsolved, and ACTH testing may still show a subset of patients 
who could benefit from moderate-dose corticosteroid therapy.  

Whereas in septic shock patients low cortisol responses upon ACTH predicted 
disease severity and mortality, in non-septic critically ill patients (Chapter 5), high 
baseline cortisol levels predicted mortality and this was partly dependent of disease 
severity. This is compatible with a sufficient adaptation of the adrenal function to 
stress. Because in these as well as in the septic shock patients ACTH/cortisol 
responses did not predict outcome independently of disease severity, a low cortisol 
response to ACTH may be a marker rather than a mediator of severe disease and 
associated mortality, which implies that abnormal cortisol levels are not causally 
related to mortality, but are signs of severe disease. In this regard, ACTH testing lacks 
preference over scoring systems to mark the severity of disease in non-septic critically 
ill patients. Furthermore, in the non-septic patients, there was little independent 
predictive value of a low cortisol response and moreover, no discernable mortality-
reducing effect of corticosteroids. However, an improvement in haemodynamic status 
was demonstrated by moderate-dose corticosteroid treatment, particularly in less 
severely ill patients with low baseline cortisol values and normal increases upon 
ACTH. This beneficial effect of corticosteroid treatment may relate to increased 
vascular sensitivity for endogenous and exogenous catecholamines and other 
vasopressor drugs [20]. All together, in non-septic critically ill patients, RAI was not 
identifiable by ACTH testing which implies ACTH testing is not warranted for prediction 
of mortality and beneficial effects of corticosteroid treatment, as opposed to septic 
shock patients, even if associated with severe disease and associated stress. 
 Chapter 6 confirmed the former results, favouring the concept of potentially 
harmful RAI during sepsis, necessitating early moderate-dose corticosteroid therapy 
and showing reversibility in survivors. This study, of retrospective design, is one of the 
few on repeated ACTH testing and it was shown that reversible RAI, as denoted by an 
increase in the cortisol response using repeated ACTH testing at at least two time-
points, is associated with a decrease of sepsis and severe disease, and increase of 
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survival, particularly after early corticosteroid treatment. Changes in the cortisol 
response to ACTH during critical illness are thus not likely to be caused by poor test 
reproducibility or altered baseline levels, as being debated in the controversies of RAI 
[21-23]. 
 Cardiac arrest, perhaps the ultimate stress for the human body, is often followed 
by low baseline cortisol levels and/or low cortisol increases upon exogenous ACTH 
[24-29]. Since therapeutic hypothermia for coma following cardiac arrest was 
implemented in clinical practice in 2002, it is hard to conclude on the effect of 
hypothermia on the pituitary-adrenal axis, and the effect of hypothermia on the adrenal 
responsiveness will remain controversial. However, we demonstrated (Chapter 7) that 
baseline cortisol levels were elevated on admission and decreased during the following 
days, and were higher in non-survivors than in survivors, even when therapeutic 
hypothermia was discontinued. Furthermore, RAI was not demonstrable in our patients 
who were successfully resuscitated after cardiac arrest, since neither low baseline 
cortisol values nor low responses to exogenous ACTH predicted mortality. Thus, as 
shown in Chapter 3 and 5 as well, cardiac arrest and resuscitation do not appear to be 
independent risk factors for RAI, and RAI is not identifiable in non-septic critically ill 
patients. 
 
Methodological considerations 
The studies on the capacity of RAI to predict disease severity, mortality and 
beneficial effects of corticosteroid treatment and on the reproducibility of ACTH 
testing were of retrospective design and thus the decision to perform the ACTH tests 
in these studies were based on clinical and not investigational grounds. Furthermore, 
we did not use the low-dose (1 µg) ACTH test, but measured cortisol responses upon 
250 µg of exogenous ACTH which is considered as supranormal. The low-dose test 
gives a maximal response already and was proposed as a more sensitive test [30]. 
However, no superiority of the low-dose test was found in secondary adrenal 
insufficiency [31] and the low-dose test is hampered by problems related to dilution and 
is therefore liable to errors. Interestingly, in septic shock patients, 50% of high-dose 
responders failed to respond to the low-dose test possibly reflecting a subset of 
patients with a worse outcome [32]. All together, we preferred not to use this 1 µg 
ACTH test for comparison with extended literature on the 250 µg ACTH test. 
 Corticosteroid-binding globulin (CBG) and free cortisol levels were not 
measured in most of the studies presented in this thesis. We may thus have 
underestimated baseline free cortisol levels and rises upon ACTH, since low levels of 
cortisol binding proteins and hypoalbuminaemia in the course of severe disease may 
lower total cortisol levels and responses to ACTH, independently of free cortisol 
levels and in the absence of RAI [33-37]. However, we used albumin levels to 
estimate free cortisol, since albumin binds cortisol, albeit less than CBG, and both 
albumin and CBG levels may decrease to the same extent in critical illness [33-37]. 
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Moreover, in a recent study on patients with community acquired pneumonia, serum 
free cortisol levels did not seem superior to serum total cortisol levels as predictors of 
disease severity and outcome [8].  
 
 
Future perspectives 
 
We identified metabolic acidaemia and coagulation disturbances as predictors for RAI 
in the critically ill patient, but we do not know the cellular and/or tissue mechanisms 
directly leading to RAI. Does underlying circulatory insufficiency and perhaps adrenal 
hypoperfusion cause RAI, or does metabolic acidosis directly suppress adrenal cortisol 
synthesis? Which are the circulating factors involved promoting platelet aggregation 
and impairing adrenal function, or is RAI perhaps caused by adrenal microcirculatory 
thrombosis or bleeding? We need to stress that our studies were of retrospective 
design and the results on the effects of corticosteroids on mortality in septic shock and 
non-septic hypotensive patients should be evaluated prospectively. The literature on 
this is still inconclusive in spite of several (positive) meta-analyses, which heavily rest 
on the Annane-study, but, as described, recently being contradicted by the CORTICUS 
results [15,18,38-40]. 
 We retrospectively demonstrated that an increase in the cortisol response to 
repeated ACTH testing is associated with a decrease of sepsis and severe disease, 
and increase of survival, but it needs to be investigated whether the reproducibility of 
ACTH testing could be demonstrated in a prospective setting as well, which is one of 
the questions to be answered by an ongoing project in our institution. Furthermore, 
future studies could include investigating the effects of corticosteroid treatment on 
adrenal responsiveness by repeated ACTH testing in a predefined time interval. Are 
differences discernable between septic (shock) and non-septic patients, and are 
differences maintained after decrease of disease severity and sepsis? 

As lined out, comparing results of ACTH testing with 250 versus 1 µg of 
exogenous ACTH may show a subset of patients with a worse outcome. Thus, 
comparisons may be made of data between cortisol responses upon 250 µg of 
exogenous ACTH which is considered as supranormal, and 1 µg of exogenous 
ACTH. Furthermore, studies comparing free cortisol levels with total cortisol levels 
and their increases upon exogenous ACTH in their capacity to predict disease 
severity and outcome in septic shock and non-septic patients will give more insight 
into pathophysiological mechanisms of serum cortisol and its bio-active forms. Data 
on free cortisol levels are underway in our institution. 
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Final conclusions 
 
Relative adrenal insufficiency may be related to disease severity and mortality and 
beneficial effects of corticosteroid treatment in patients in the intensive care unit, but 
the concept is not well defined. In this thesis we have gained insight into risk factors 
for RAI and possible pathophysiological mechanisms such as metabolic acidaemia 
and coagulation disturbances. RAI particularly seems to occur in patients with septic 
shock, whereas in non-septic critically ill patients and patients after cardiac arrest 
who were successfully resuscitated and treated with induced hypothermia, 
ACTH/cortisol patterns  do not predict beneficial effects of corticosteroid treatment on 
haemodynamics and mortality. Furthermore, the change in cortisol response to ACTH 
in time during critical illness is not likely caused by poor reproducibility or altered 
baseline levels, but by varying degrees and reversibility of sepsis-induced RAI. These 
findings may help to select patients who benefit most for moderate-dose corticosteroid 
treatment, and may give insight for future prospective studies and investigation 
regarding cellular and tissue mechanisms leading to RAI. 
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Samenvatting 
 
In dit proefschrift getiteld ‘Relatieve bijnierschorsinsufficiëntie in ernstig zieke patiënten 
– De rol van de ACTH-test’ hebben wij het concept relatieve bijnierschorsinsufficiëntie 
bij ernstig zieke patiënten nader geëxploreerd. We zochten naar voorspellers voor 
relatieve bijnierschorsinsufficiëntie, en bestudeerden cross-sectioneel de voorspellende 
waarde van relatieve bijnierschorsinsufficiëntie voor sterfte en effecten van behandeling 
met corticosteroïden bij septische en niet-septische ernstig zieke patiënten. We 
maakten gebruik van herhaalde adrenocorticotroop hormoon (ACTH)-testen om de 
voorspellende waarde van relatieve bijnierschorsinsufficiëntie longitudinaal te 
onderzoeken. Ten slotte bestudeerden we het effect van therapeutische hypothermie 
ten aanzien van de prognostische waarde van diverse componenten van de hypofyse-
bijnieras, zoals ACTH, cortisol en de cortisol respons op ACTH, in comateuze patiënten 
na reanimatie wegens een hartstilstand. 
 
Hoofdstuk 1 
Een cruciaal regelsysteem van het lichaam om zich aan te passen aan stress is de 
hypothalamus-hypofyse-bijnieras, waarvan cortisol een van de belangrijkste 
eindproducten is. Cortisol is belangrijk voor cardiovasculaire reactiviteit, metabolisme 
en anti-inflammatoire effecten. Terwijl de hypothalamus-hypofyse-bijnieras sterk 
geactiveerd is, kan deze activiteit toch onvoldoende zijn in verhouding tot de mate van 
stress, wat dan aangeduid wordt met het begrip relatieve bijnierschorsinsufficiëntie. 
Tijdens ernstige ziekte kunnen vele factoren de cortisolrespons op ACTH verminderen. 
Deze respons van de hypothalamus-hypofyse-bijnieras op stress en relatieve 
bijnierschorsinsufficiëntie worden in de intensive care gediagnosticeerd met hulp van de 
ACTH-stimulatietest, waarbij voor en na intraveneuze toediening van ACTH 
cortisolspiegels worden bepaald. Relatieve bijnierschorsinsufficiëntie heeft 
waarschijnlijk een voorspellende waarde, omdat behandeling met corticosteroïden in 
patiënten met relatieve bijnierschorsinsufficiëntie gunstige effecten heeft door 
verbetering van de haemodynamiek en vermindering van de vasopressorbehoefte, en 
bovendien zou relatieve bijnierschorsinsufficiëntie een verlaging van de sterfte door 
therapie met hydrocortison kunnen voorspellen. Er zijn echter controversen met 
betrekking tot het concept relatieve bijnierschorsinsufficiëntie zoals de dosering van het 
toe te dienen ACTH, de juiste afkapwaarden voor de diagnose relatieve 
bijnierschorsinsufficiëntie, en daardoor de voorspellende waarde voor sterfte en 
behandeling met corticosteroïden; een willekeurige of basaalwaarde van cortisol is 
mogelijk geen goede weerspiegeling van het 24-uurs-secretieprofiel bij de ernstig zieke 
patiënt; totaalwaarden van serumcortisol onderschatten mogelijk de vrij cortisolwaarden 
die verantwoordelijk zijn voor de fysiologische activiteit; ten slotte, herhaalde ACTH-
testen zouden lage reproduceerbaarheid hebben. Al deze controversen vormen het 
uitgangspunt van dit proefschrift: het uitdiepen van het concept relatieve 
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bijnierschorsinsufficiëntie naar voorspellers voor relatieve bijnierschorsinsufficiëntie, de 
voorspellende waarde van relatieve bijnierschorsinsufficiëntie voor sterfte en gunstige 
effecten van behandeling met corticosteroïden, de voorspellende waarde van relatieve 
bijnierschorsinsufficiëntie bij herhaalde ACTH-testen, en de effecten van therapeutische 
hypothermie op de prognostische waarde van de hypofyse-bijnieras in comateuze 
patiënten na reanimatie wegens hartstilstand. 
 
Hoofdstuk 2 
We geven een overzicht van criteria van abnormale cortisolpatronen na toepassing van 
de standaard (250 µg) ACTH-test, die vaak gebruikt worden om relatieve 
bijnierschorsinsufficiëntie of het niet responderen op ACTH aan te duiden bij ernstig 
zieke patiënten. We evalueren de waarde van deze patronen in het voorspellen van de 
haemodynamische respons op behandeling met corticosteroïden en sterfte. Relatieve 
bijnierschorsinsufficiëntie blijkt niet helder gedefinieerd te zijn in de literatuur, en een 
grote variatie van afkapwaarden wordt gebruikt om een lage respons op ACTH, een 
van de belangrijkste diagnostische middelen voor relatieve bijnierschorsinsufficiëntie, 
aan te duiden. Willekeurige of basaalwaarden van cortisol, piekwaarden van de ACTH-
test, de stijging van de basaal- naar de piekwaarde, of combinaties worden gebruikt om 
relatieve bijnierschorsinsufficiëntie aan te duiden. Deze heterogeniteit van 
afkapwaarden heeft variërende prevalenties (0-84%) tot gevolg. Tevens is er geen 
consensus over de voorspellende waarde van cortisolwaarden voor de respons op 
corticosteroïden, en ook niet over de prognostische waarde van cortisolwaarden voor 
de ernst van ziekte of sterfte. 
 
Hoofdstuk 3 
In dit hoofdstuk beschrijven we of er voorspellers zijn voor relatieve 
bijnierschorsinsufficiëntie, die inzicht kunnen geven in de pathofysiologie van relatieve 
bijnierschorsinsufficiëntie en die kunnen helpen patiënten te selecteren voor de ACTH-
test. Een heterogene groep van 405 ernstig zieke patiënten die een korte ACTH-
stimulatietest hadden ondergaan wegens langdurige hypotensie en/of 
vasopressor/inotropiebehoefte, werd retrospectief geïncludeerd, en vormt de  grootste 
gemengde populatie tot nu toe beschreven op het gebied van ACTH-testen. Klinische 
variabelen werden verzameld op de dag van opname en testdag. Met hulp van 
multivariate analyses toonden we aan dat een lage pH en laag bicarbonaat, een laag 
thrombocytengetal, de ernst van ziekte en orgaanfalen, en afwezigheid van 
voorafgaande hartoperatie voorspellers zijn van een subnormale bijnierschorsrespons 
op ACTH, onafhankelijk van basaalwaarden van cortisol en cortisolbinding in het bloed. 
Deze subnormale respons was gedefinieerd als een cortisolstijging kleiner dan 250 
nmol/L of een cortisolpiekwaarde kleiner dan 500 nmol/L. Ook toonden we aan dat 
basaalcortisol/albumine-ratio’s als een maat voor vrij cortisol, direct, en de 
cortisolstijging/albumine omgekeerd gerelateerd waren aan indicatoren voor ernst van 
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ziekte. Deze data suggereren dat metabole acidose en stollingsstoornissen een rol 
spelen in de pathofysiologie van bijnierschorsinsufficiëntie, met name in niet-cardiale 
patiënten. 
 
Hoofdstuk 4 
Hierin laten we de resultaten zien van ons onderzoek om het concept relatieve 
bijnierschorsinsufficiëntie in septische shock te evalueren. In 218 patiënten met 
septische shock die een korte ACTH-stimulatietest hadden ondergaan wegens 
hypotensie die langer dan 6 uur duurde en herhaalde vochttoediening vereiste en/of 
wegens vasopressor/inotropiebehoefte, onderzochten we verschillende afkapwaarden 
van cortisol om sterfte te voorspellen, en of er gunstige effecten zijn van behandeling 
met corticosteroïden. Ten eerste bleek een cortisolrespons kleiner dan 100 nmol/L, 
onafhankelijk van cortisolbinding in het bloed, gerelateerd te zijn aan de ernst van 
ziekte en daarbij aan sterfte. De ACTH/cortisolrespons voorspelde sterfte echter niet 
onafhankelijk van de ernst van ziekte en dus zal een lage cortisolrespons op ACTH een 
uiting zijn van ernstige ziekte zonder dat deze lage cortisolrespons sterfte veroorzaakt. 
Ten tweede kon de cortisolrespons kleiner dan 100 nmol/L een haemodynamische 
respons en hogere overleving op behandeling met corticosteroïden voorspellen. Deze 
resultaten ondersteunen het concept relatieve bijnierschorsinsufficiëntie in patiënten 
met septische shock. 
 
Hoofdstuk 5 
We beschrijven of de resultaten gevonden in Hoofdstuk 4 ook bevestigd konden 
worden in niet-septische ernstig zieke patiënten. In een retrospectieve studie met 172 
niet-septische patiënten, van wie 51% na trauma of operatie was opgenomen, vonden 
we dat basaalwaarden van cortisol hoger dan 475 nmol/L, onafhankelijk van 
cortisolbinding in bloed, sterfte voorspelde, deels afhankelijk van de ernst van ziekte. 
Dit suggereert voldoende adaptatie aan de stress. We exploreerden afkapwaarden van 
de cortisolrespons op ACTH om de best onderscheidende waarde voor sterfte te 
vinden, maar de gevonden waarde van kleiner dan 200 nmol/L had weinig waarde in 
het voorspellen van gunstige effecten van corticosteroïdbehandeling op 
haemodynamica en sterfte. Deze resultaten vormen een argument tegen het concept 
relatieve bijnierschorsinsufficiëntie in niet-septische hypotensieve intensive care 
patiënten. 
 
Hoofdstuk 6 
In deze studie onderzochten we de significantie van veranderingen in de tijd van de 
cortisolrespons bij herhaalde ACTH-testen, kijkend naar de ernst van ziekte, sterfte en 
behandeling met corticosteroïden tijdens het beloop van ernstige ziekte. Retrospectief 
identificeerden we 54 ernstig zieke patiënten die twee of meer ACTH-testen hadden 
ondergaan met een interval langer dan 24 uur wegens langdurige hypotensie, waarbij 
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herhaalde vochttoediening en/of vasopressieve/inotrope behandeling noodzakelijk 
was. We vonden dat een hogere cortisolrespons bij de tweede ACTH-test vergeleken 
met de eerste test gerelateerd is aan vermindering van sepsis en ernst van ziekte, 
gunstige effecten van behandeling met corticosteroïden en overleving, onafhankelijk 
van basaalwaarden van cortisol in serum en cortisolbinding in bloed. De veranderingen 
van de cortisolrespons op ACTH tijdens het beloop van ernstige ziekte worden 
waarschijnlijk dus niet veroorzaakt door lage reproduceerbaarheid of veranderde 
basaalwaarden van cortisol, maar waarschijnlijker door variërende gradaties en 
reversibiliteit van relatieve bijnierschorsinsufficiëntie die door sepsis geïnduceerd 
wordt. Deze resultaten argumenteren voor het concept van relatieve 
bijnierschorsinsufficiëntie en noodzaak tot vroegtijdige corticosteroïdbehandeling, en 
laten reversibiliteit van relatieve bijnierschorsinsufficiëntie zien tijdens sepsis in 
overlevende patiënten. 
 
Hoofdstuk 7 
We beschrijven ons prospectieve onderzoek naar de hypofyse-bijnieras en de 
cortisolrespons op ACTH in 29 succesvol gereanimeerde patiënten wegens 
hartstilstand die behandeld werden met geïnduceerde therapeutische hypothermie. 
We maten cortisol- en ACTH-waarden voorafgaand aan, tijdens en na therapeutische 
hypothermie, en verrichtten korte ACTH-stimulatietesten tijdens en na therapeutische 
hypothermie. ACTH en (vrij) cortisolwaarden waren verhoogd, maar hoger in degenen 
die overleden dan in de overlevenden, terwijl de cortisolresponsen op ACTH niet 
verschilden. ACTH en (vrij) cortisolwaarden daalden in de tijd, maar het relatieve 
verschil tussen uitkomstgroepen bleef bestaan. In multivariate analyse droegen alleen 
basaalcortisolwaarden voorafgaand aan en tijdens therapeutische hypothermie 
onafhankelijk bij aan voorspelling van de overlevingsduur, terwijl ACTH, de 
cortisolrespons op ACTH en behandeling met hydrocortison dat niet deden. Een 
negatieve SSEP, een voorspeller voor irreversibele hersenschade, werd voorspeld 
door basaalcortisolwaarden voorafgaand aan de therapeutische hypothermie. In deze 
wegens hartstilstand gereanimeerde comateuze patiënten is de hypofyse-bijnieras dus 
met name geactiveerd in degenen die overlijden, onafhankelijk van therapeutische 
hypothermie. Hypothermie lijkt geen remmend effect te hebben op de hypofyse-
bijnierfunctie. We vonden derhalve geen bewijs voor relatieve 
bijnierschorsinsufficiëntie die bijdraagt aan sterfte in succesvol gereanimeerde 
patiënten wegens hartstilstand, en een tijdelijk verlaagde cortisolrespons op ACTH in 
degenen die overlijden, kan mogelijk toegeschreven worden aan hogere 
basaalwaarden van cortisol en kan een teken zijn van fatale hersenschade. 
 
Conclusie 
Het onderzoek beschreven in dit proefschrift toont aan dat er risicofactoren zijn voor 
relatieve bijnierschorsinsufficiëntie zoals metabole acidose en stollingsstoornissen. 



143

Samenvatting 
 

 

 143

Relatieve bijnierschorsinsufficiëntie lijkt met name op te treden bij septische shock- 
patiënten en dan gerelateerd te zijn aan de ernst van ziekte, en sterfte en gunstige 
effecten van behandeling met corticosteroïden te voorspellen. Dit is niet het geval in 
niet-septische ernstig zieke patiënten en patiënten die succesvol gereanimeerd 
werden wegens hartstilstand en behandeld werden met geïnduceerde therapeutische 
hypothermie. Veranderingen in de cortisolrespons op ACTH in het ziektebeloop van de 
intensive care-patiënt worden niet veroorzaakt door lage reproduceerbaarheid of 
veranderde basaalwaarden van cortisol, maar door wisselende maten en reversibiliteit 
van relatieve bijnierschorsinsufficiëntie. 
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Margriet Fleur Charlotte de Jong was born on April 11th 1983 in Tilburg, the 
Netherlands. In 2001 she graduated cum laude from secondary school at the 
openbare scholengemeenschap Willem Blaeu  in Alkmaar. In the same year, she 
started medicine at the Vrije Universiteit (VU) university in Amsterdam. During her 
study she worked as student-assistant for conducting practical education at the 
Department of Physiology and for teaching working-groups at clinical education, both 
at the medical faculty. She prepared and coordinated the courses Human Anatomy 
and Physiology 1 and 2 for the study Biomedical Sciences for the Department of 
Physiology. She participated in the VU medical centre’s Masterclass, nowadays 
called the Honours Programme, a programme to motivate and educate medical 
students in participating and conducting scientific studies. After having reached her 
Master in Science degree cum laude, she contracted for expanding her scientific 
work started via the Masterclass at the Department of Intensive Care, for one year. 
The studies presented in this thesis were done at the Department of Intensive Care 
at the VU medical centre under supervision of prof.dr. A.B.J. Groeneveld, prof.dr. 
A.R.J. Girbes and dr. A. Beishuizen. They are the products of her and their 
enthusiasm for scientific investigation. In 2008, at the age of 25 years, she obtained 
cum laude her medical degree and will hopefully obtain her Philosopher’s degree.  

In the same year, she won the ‘Dr. I. Snapper prize’. Medical students of 
Dutch medical faculties who developed activities in Internal Medicine such as 
research or education, during their study could compete for this prize. 

Besides her activities in medicine and medical research, she is active in and 
loves athletics particularly running, swimming, travelling, reading, hiking, making fun, 
and cooking & baking with her brownies as a specialty.  
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behaalde ze cum laude haar gymnasiumdiploma aan de openbare 
scholengemeenschap Willem Blaeu in Alkmaar. In hetzelfde jaar begon ze met haar 
studie geneeskunde aan de Vrije  Universiteit (VU) in Amsterdam. Tijdens haar 
studie werkte ze bij de afdelingen Fysiologie en Huisartsgeneeskunde van de 
Medische Faculteit als student-assistent voor het begeleiden van practica en 
werkgroepen. Ook coördineerde ze de vakken Humane Anatomie en Fysiologie 1 en 
2 voor studenten Biomedische Wetenschappen. Ze nam deel aan de Masterclass 
van het VU medisch centrum, tegenwoordig het Honours Programme genaamd. Dit 
is een programma om getalenteerde medisch-studenten te motiveren 
wetenschappelijk onderzoek te doen. Nadat ze haar doctoraaldiploma cum laude had 
behaald, kreeg ze een jaarcontract bij de afdeling Intensive Care om het onderzoek 
dat ze daar begonnen was via de Masterclass, uit te breiden. De onderzoeken in dit 
proefschrift deed zij aan de afdeling Intensive Care van het VU medisch centrum 
onder supervisie van prof.dr. A.B.J. Groeneveld, prof.dr. A.R.J. Girbes en dr. A. 
Beishuizen. Het zijn de producten van haar en hun enthousiasme voor 
wetenschappelijk onderzoek. In 2008, op 25-jarige leeftijd, behaalde zij cum laude 
haar artstitel en zal ze hopelijk de graad doctor behalen. 
 In 2008 won ze ook de ‘Dr. I. Snapper prijs’. Medisch studenten van 
Nederlandse faculteiten Geneeskunde die tijdens hun studie activiteiten op het 
gebied van de Inwendige Geneeskunde hebben ontplooid, zoals researchprojecten 
of onderwijs, konden meedingen naar deze prijs. 
 Naast haar activiteiten in de geneeskunde en het wetenschappelijk onderzoek, 
is ze actief in en houdt van atletiek met name hardlopen, zwemmen, reizen, lezen, 
wandelen, lachen, en koken & bakken in haar kookatelier waarbij haar brownies haar 
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Uiteindelijk komt aan alles een einde. Ook het einde van mijn promotietraject is 
aangebroken wat toch wel vele gemengde gevoelens oplevert, want het doen van 
onderzoek is hard werken en soms door een zure appel heen bijten, maar uiteraard 
geeft het ook veel voldoening, en levert het veel gelukkige, grappige en 
verbazingwekkende momenten op. In dit laatste onderdeel van mijn proefschrift wil ik 
dan ook met veel plezier allen enorm bedanken die me in de afgelopen tijden van 
promoveren hebben gesteund, geholpen, en veel hebben geleerd, en daarmee is 
maar weer gebleken: geen enkele weg is lang in het juiste gezelschap. 
 
In de eerste plaats wil ik graag beginnen bij mijn promotor, prof.dr. A.B.J. 
Groeneveld. Beste Johan, aan het eind van mijn tweede studiejaar maakten wij 
kennis via de Masterclass en wist je mijn interesse te vangen door je visie op 
wetenschappelijk onderzoek. Je hebt me veel geleerd op meerdere terreinen van het 
vak. Ik heb ontzag voor en waardeer je energie om je in te zetten voor jonge 
onderzoekers en je ideeën om van alles mogelijk te maken, zoals mijn 
onderzoeksjaar in samenwerking met de afdeling fysiologie. Ik wil je graag bedanken 
voor de samenwerking! En wij weten: de mogelijkheden voor onderzoek drogen nooit 
op, dus wie weet... 
In de tweede plaats wil ik graag mijn co-promotor, dr. A. Beishuizen, danken. Beste 
Bert, wij maakten kennis naar aanleiding van mijn wens ook prospectief onderzoek te 
gaan doen en dit resulteerde in een aantal leuke onderzoeken. Dank voor je ideeën, 
reflecties en samenwerking. 
Beste Armand, Rob, Jan-Jaap, overige intensivisten, arts-assistenten en 
verpleegkundigen van de intensive care units van het VUmc en het MCA, zonder 
jullie waren deze resultaten niet tot stand gekomen. Mede dankzij de intensivisten 
van het VUmc heb ik me een jaar vol enthousiasme kunnen inzetten aan mijn 
onderzoek op de IC in samenwerking met het student-assistentschap bij de 
fysiologie. Dank! 
 
Uiteraard ben ik ook de lees- en promotiecommissie dankbaar voor hun bijdrage in 
het tot stand komen van mijn promotie. Professeur Annane, je vous remercie pour 
votre participation à la commission 'lire et promotion'. Je serait très heureuse de vous 
compter parmi les invités à la cérémonie de remise des diplômes de Doctorat qui 
aura lieu aux Pays-Bas. Prof. Boers, prof. Fliers, dr. Hazelzet, prof. Lips, prof. 
Romijn, en prof. Vermes, hartelijk dank voor jullie bijdrage.  
 
Feikje, heel veel dank voor al je hulp, met name bij de opmaakperikelen van de tekst 
en rare computerfratsen ;-). 
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Gerard en Roger, en mijn trainingsgenootjes van mijn atletiekclubs Phanos en Hylas: 
altijd weer heerlijk om fysiek en geestelijk uit te waaien tijdens jullie trainingen! Die 
zijn echt een uitlaatklep en maken de geest weer helder, dank voor jullie coaching. 
 
Lieve Eline, Els, Esmé, Jikke, Karina, Melanie, Mirelle, Niels, Paulien, Vincent en 
Willemijn, jullie zijn een fantastisch stel en een fantastisch stel vrienden. Deze 
publicatie in mijn boekje verdienen jullie dubbel en dwars :-D. In het begin van mijn 
onderzoek waren jullie mij in de pauzes en vrije uurtjes nogal eens kwijt, omdat ik 
naar de IC racete om nog gauw wat aan het onderzoek te werken, maar dit maakten 
we op andere momenten weer goed. Daarbij denk ik dan aan treinen naar de VU; 
gezamenlijke etentjes; waterskiën; kanoën en vervolgens in de regen in bikini over 
straat rennen; strakke wielrenners; kinharen verwijderen in de collegezaal; altijd op 
de voorste rijen met z’n allen de colleges volgen; samen solidair met blaren een 
wandelweekend volbrengen; lol hebben onder andere over ‘goede karakters’ & 
‘mooie frontjes’, stille wateren met diepe valkuilen; museumbezoeken; wadlopen; 
‘yeehaa-, cappucino- of hacheemomenten’; en uiteraard gelach met veel decibel... 
Mel, tijdens de meidenweekendjes konden we, letterlijk en figuurlijk zittend in 
hetzelfde schuitje, ons hart bij elkaar kwijt, met alle begrip van jullie allemaal. Heerlijk 
om zulke vrienden te hebben!  
Lieve VU-vriendjes en –vriendinnetjes, brownies voor het feestje?! ;-) 
 
Oscar, zullen we binnenkort weer eens tiramisu kwakken, of pannenkoeken met jam 
en slagroom smullen waarbij serieuze verhalen of scherpe grappen? Misschien vanaf 
mijn kant nu wat meer gemak om af te spreken, nu jij nog! ;-) 
 
Lieve Amy, Maaike en Lieke, hoe vaak of weinig we elkaar zagen en zien, op jullie 
kan ik altijd bouwen. Op de atletiekbaan legden we de basis voor onze vriendschap, 
maar onze uitwaaiering over Nederland heeft niets aan die vriendschap afgedaan. 
Om maar weer eens wat mooie herinneringen op te halen: krachttrainingen die 
meestal met name zwaar werden door het trainen van buikspieren door records 
slappe lach te verbreken (maar ook best serieus konden zijn, want hier hielden we 
ook de voortgang van mijn doorwerken van de statussen voor het onderzoek bij); 
looptrainingen in de duinen of op de baan; overgehaald worden te gaan crossen en 
dit dan ook nog leuk vinden; stappen in de Corri en dan de barman nadoen; heel 
hard door een draaideur rennen; onze voor-elkaar-kookdates; wandelen; het hebben 
over irrationele gedachten en ideeën; van een bankje vallen door de slappe lach; 
onze vakanties waarin we toch echt het predikaat ‘pink ladies’ en ‘mad girls’ kregen; 
uren op een terrasje zitten kletsen en er dan toch achter komen dat dat beetje 
zonnebrand niet genoeg was; warme maaltijden in taartpunten willen verdelen; 
toetjes met kleine lepeltjes eten; kwartjes laten rollen; midden in de nacht op zoek 
gaan naar warme chocomel; en alle gezellige dagjes-uit waarbij we alles bij elkaar 
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kwijt kunnen. Dank voor jullie gezellige, lollige, serieuze en ontspannende 
momenten! 
 
Lieve Frank, bedankt voor je steun tijdens de bikkelmomenten, die gelukkig wel ook 
weer applausmomenten opleverden, en voor alle mooie dingen die we samen 
beleefd hebben, en hopelijk volgen er meer!  
  
Lieve mamsie en paps, Luck, Michiel & Laura, en Marjolein, jullie waren altijd 
geïnteresseerd en meelevend met de nodige onderzoeksperikelen en 
vreugdemomenten. De kamer werd soms even volgebouwd met al het papierwerk 
voor het onderzoek, de computer werkte uiteraard niet altijd mee, de manuscripten 
waren vast niet altijd begrijpelijk voor jullie, maar desondanks steunden jullie me, en 
verwenden jullie me met mango’s, aardbeien, etentjes, luisterende oren en 
gezelligheid. Dankzij jullie, Mieke en Martin, heb ik kunnen studeren en mijzelf 
daarmee mogen verrijken. Ik ben jullie heel dankbaar dat jullie dat mogelijk hebben 
gemaakt en dat ik zelfs nog extra tijd en energie kon steken in al het werk dat tot dit 
proefschrift leidde. Dank voor jullie vertrouwen! 
 
Heel veel dank aan jullie allemaal, 
liefs, 
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