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Abstract

Background and Purpose: Acute stroke has a high morbidity and mortality. We evaluated the predictive value of adrenal
function testing in acute ischemic stroke.

Methods: In a cohort of 231 acute ischemic stroke patients, we measured dehydroepiandrosterone (DHEA), DHEA-Sulfate
(DHEAS), cortisol at baseline and 30 minutes after stimulation with 1 ug ACTH. Delta cortisol, the amount of rise in the 1 ug
ACTH-test, was calculated. Primary endpoint was poor functional outcome defined as modified Rankin scale 3–6 after 1 year.
Secondary endpoint was nonsurvival after 1 year.

Results: Logistic regression analysis showed that DHEAS (OR 1.21, 95% CI 1.01–1.49), but not DHEA (OR 1.01, 95% CI 0.99–
1.04), was predictive for adverse functional outcome. Neither DHEA (OR 0.99, 95% CI 0.96–1.03) nor DHEAS (OR 1.10, 95% CI
0.82–1.44) were associated with mortality. Baseline and stimulated cortisol were predictive for mortality (OR 1.41, 95% CI
1.20–1.71; 1.35, 95% CI 1.15–1.60), but only basal cortisol for functional outcome (OR 1.20, 95% CI 1.04–1.38). Delta cortisol
was not predictive for functional outcome (OR 0.86, 95% CI 0.71–1.05) or mortality (OR 0.92, 95% CI 0.72–1.17). The ratios
cortisol/DHEA and cortisol/DHEAS discriminated between favorable outcome and nonsurvival (both p,0.0001) and
between unfavorable outcome and nonsurvival (p = 0.0071 and 0.0029), but are not independent predictors for functional
outcome or mortality in multivariate analysis (adjusted OR for functional outcome for both 1.0 (95% CI 0.99–1.0), adjusted
OR for mortality for both 1.0 (95% CI 0.99–1.0 and 1.0–1.01, respectively)).

Conclusion: DHEAS and the cortisol/DHEAS ratio predicts functional outcome 1 year after stroke whereas cortisol levels
predict functional outcome and mortality.
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Introduction

Stroke is the third-leading cause for disability worldwide [1]

with an incidence of about 500 per 100’000 persons at the age of

60 and a disease-related mortality of 20% [2].Therefore, early risk

stratification for an optimized allocation of health care resources is

warranted.

Activation of the hypothalamo-pituitary-adrenal (HPA)-axis has

been shown in various acute critical illnesses [3,4]. It is one of the

first measurable physiological responses to cerebral ischemia [5–8]

and cortisol levels are predictive of functional outcome in acute

stroke [9–11]. Besides cortisol, dehydroepiandrosterone (DHEA)

and its sulfate (DHEAS) are also released during HPA-activation.

DHEAS is the most abundant steroid of the adrenals. Under

healthy condition, DHEA secretion is synchronized with cortisol in

response to corticotrophin-releasing hormone and ACTH [12,13].

A dysbalance or inadequate stress response with down-regulation

of DHEAS is associated with an unfavorable outcome in severe

critical illness, severe sepsis and septic shock in some, but not all

studies [14–16].
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DHEAS has antiglucocorticoid activity, neuroprotective and

antiatherosclerotic properties [17–22]. In rodents, synthesis of

DHEA and DHEAS has been shown in the brain [23–25]. In

addition, central nervous system DHEA production seems to

influence peripheral DHEA and DHEAS levels [26]. In longitu-

dinal studies, an increased cortisol/DHEAS ratio has been found

to accelerate atherosclerosis-related diseases [27] and to be

predictive for cardiovascular diseases [28] and all-cause-mortality

[29]. In chronic stress [30] and neurodegenerative diseases [31–

33], higher cortisol and lower serum DHEA and DHEAS values

with a consecutive higher cortisol/DHEAS-ratio have been found.

In the acute setting, high cortisol and an increased cortisol/

DHEAS – ratio upon admission is associated with severity of

illness in intensive care patients [34], corresponding to an

impaired adrenal androgen action [35].

In acute ischemic stroke, only two studies so far investigated the

predictive role of serum DHEAS, with controversial findings; one

[5] did not find a significant correlation between DHEAS and

functional outcome. The other study including only women found

a significant association between DHEAS and functional outcome

[36].

In critical illness, an impairment of secretion of basal cortisol

and the corticosteroid response to ACTH, is a highly debated

topic [37], but few and conflicting data exist in stroke about the

predictive value of the ACTH-test [38,39]. In view of the

controversial findings about DHEA, DHEAS and the low-dose

(1 mg) ACTH-test as outcome predictors in ischemic stroke, we

herein evaluated the predictive value of adrenal function testing in

a cohort of prospectively recruited stroke patients [8] by measuring

DHEA, DHEAS, basal and stimulated cortisol levels.

Subjects and Methods

Study Design and Setting
The study design of this prospective cohort study has been

described in detail [8]. From November 2006 to November 2007,

consecutive patients presenting with acute ischemic stroke were

enrolled. Informed consent was obtained from the patient if

possible, otherwise from a legal representative. This study adhered

to the consolidate standards for the reporting of observational

trials [40] and was accepted by the local ethics committee.

Patients, Clinical Variables, Blood Sampling and Cerebral
Imaging

Patients were eligible for inclusion into the original study [8] if

they were admitted to the emergency department with an acute

ischemic stroke defined according to World Health Organization

criteria [41] and with symptom onset within 72 hours. For the

purpose of this analysis, we included only patients in whom a low-

dose-ACTH- test (Synacthen�) had been performed on day 1 (i.e.

the first morning after admission) according to study protocol and

a remaining serum sample was available from the same day. Delta

cortisol was calculated as the difference between basal and

stimulated cortisol level.

Vital signs, relevant comorbidities, medication before stroke,

risk factors, family history and severity of stroke assessed by The

National Institutes of Health Stroke Scale (NIHSS) score were

assessed on admission. Cerebral computed tomography (CCT)

was performed in all patients on admission mainly to exclude

intracranial hemorrhage. Thereafter, MRI was performed on a

clinical 1.5-Tesla MR Avanto system (Siemens, Erlangen,

Germany) using a stroke protocol, including T1-, T2-, and

diffusion-weighted imaging (DWI) sequences, and a magnetic

resonance angiography. MRI with DWI was available in 137

stroke patients (59%). In those patients, DWI lesion volumes were

determined by consensus of two experienced raters unaware of the

clinical and laboratory results.

The clinical stroke syndrome was determined applying the

criteria of the Oxfordshire Community Stroke Project, that is, total

anterior circulation syndrome (TACS), partial anterior circulation

syndrome (PACS), lacunar syndrome (LACS),and posterior

circulation syndrome (POCS) [42].

Hypothesis and Endpoints
We hypothesized that activation of the HPA-axis with

consecutive dysbalance of adrenal steroids is associated with

functional outcome and mortality in acute stroke, similar to the

associations seen in critical illness.

The primary endpoint was poor functional outcome defined as

a modified Rankin scale (mRS) of 3–6 points [43]. The secondary

endpoint was death (mRS = 6). Both endpoints were assessed by

structured telephone interviews with the patient, relatives and/or

treating primary care physician one year after the index event.

Assays
Blood samples were obtained from an indwelling venous

catheter between 7 and 8 a.m. in the morning after admission.

Plasma was collected at the time of blood sampling in both native

plastic tubes and containing ethylenediaminetetraacetic acid

(EDTA). The tubes were centrifuged at 3000 g, and plasma was

stored at –70uC until assayed.

DHEA (ng/mL) was measured by ELISA-Assay (IBL Interna-

tional GmbH, Hamburg, Germany). with an assay range between

0–30 ng/mL.For better comparison and calculation, DHEA

values were converted to nmol/L.

DHEAS (micromol/L) was measured by ElectroChemiLumi-

nescence (ECL) cobas 6000 analyzer (Roche Diagnostics, Basel,

Switzerland) with an assay range between 0.003–27.0 micromol/

L.

1 microgram ACTH-stimulation tests were performed using

0.25 mg tetracosactidum (0.250 mg/mL synthetic ACTH1–24,

Synacthen�, Novartis Pharma, Switzerland) divided into

0.001 mg tetracosactidum doses by the pharmacy of the Univer-

sity Hospital Basel (Basel, Switzerland), as described [3,44]. In all

subjects, blood samples were taken at 0 min. for the basal

measurement of cortisol and again at 30 min. for the measurement

of serum cortisol concentration after intravenous (iv) administra-

tion of 1 microgram ACTH.

Cortisol was measured with a competitive chemiluminescence-

immunoassay (IMMULITE 2000; Siemens Medical Solution

Diagnostics, Los Angeles, USA), which has a sensitivity of 0.02

microgram/mL with an intra-assay coefficient of variation of 6.8%

to 9.0%.

Statistical Analysis
Discrete variables are expressed as percentage and continuous

variables as medians and interquartile ranges (IQR) or as mean

with standard deviation (SD) based on the distribution of the data.

Two group comparisons of not normally distributed data were

made using the Mann-Whitney U test. Spearman’s Rank

Correlation was used for calculating correlations. For multi-group

comparisons Kruskal-Wallis was used as a global test.

As a parameter of adrenal dissociation between cortisol and

DHEA(S) synthesis, the ratios cortisol/DHEA and cortisol/

DHEAS were calculated. To test whether the values of DHEA,

DHEAS, cortisol, stimulated cortisol 30 minutes after ACTH, and

delta cortisol are associated with poor functional outcome or

survival, we calculated a logistic regression analysis adjusted by

Adrenal Function in Acute Ischemic Stroke
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age, gender and comorbidities using the Charlson Index [45].

Time to last follow-up, death or re-event was analyzed in Kaplan-

Meier curves. The three groups ‘‘good outcome’’ corresponding to

an mRS of 0–2, ‘‘poor outcome but survival’’ corresponding to an

mRS of 3–5 and ‘‘non-survival’’, corresponding to an mRS of 6,

were also compared.

Due to the known influence of age and gender on DHEAS and

DHEA levels [46–48], we assessed the effects of age and gender.

Age classes were defined by decades ,60 y, 60–69 y, 70–79 y,

and .80 y.

All testing was 2-tailed and the significance level was defined as

p,0.05 or, if comparing 3 groups, p,0.016. For all calculations,

STATA 9.2 (Stata Corp, College Station,TX, USA) and

GraphPad Prism 5.0 (La Jolla, Ca, USA) were used.

Results

Baseline Characteristics
Of the original 362 ischemic stroke patients, 231 had both an

available serum sample and a low-dose ACTH at day 1 after

admission and were thus eligible for this analysis. Baseline

characteristics of the analyzed and the original sample were

similar (data not shown). The median NIHSS on admission was 5

(IQR 2–10). 37% (86 patients) had an unfavorable functional

outcome (i.e. mRS .2) after 1 year, and all-cause-mortality after 1

year was 17.0% (38 patients). Baseline characteristics are shown in

Table 1.

9 patients (3.9%) were on an oral glucocorticoid treatment on

admission; their levels of DHEA, basal and stimulated cortisol

were lower (p = 0.0027, 0.0267, 0.0423) as compared to patients

without glucocorticoid treatment, whereas the levels of DHEAS

(p = 0.0548), delta cortisol (p = 0.6) and the ratios cortisol/DHEA

(p = 0.7) and cortisol/DHEAS (p = 0.9) were not different in

patients with glucocorticoid treatment compared to patients

without glucocorticoid treatment. 27 patients (11.7%) were on

benzodiazepine medication; their levels of stimulated and delta

cortisol were higher (p = 0.0053 and 0.0052), whereas DHEA

(p = 0.8), DHEAS (p = 0.4), basal cortisol (p = 0.4) and the ratios

cortisol/DHEA (p = 0.7) and cortisol/DHEAS (p = 0.1) did not

differ between patients with and without benzodiazepine medica-

tion. 4 patients (1.7%) were on antiepileptic treatment, 4 (1.7%)

had tricyclic antidepressants, 2 (0.9%) had opiate analgetics,

whereas dopamine antagonists and haloperidol were taken by only

one patient (0.4%).

Of the 131 patients with incomplete data that were not included

in this analysis, 13 were lost to follow-up, 54% had an mRS .2

and thus an unfavourable outcome after 1 year, and mortality after

1 year in these patients was 22%. Lost to follow-up of the patients

qualifying for this analysis was 3% or 7 patients.

Median baseline DHEA, DHEAS, basal cortisol, stimulated

cortisol after 30 minutes and delta cortisol were 15.5 nmol/L

(IQR 9.4–25.0), 2.4 umol/L (IQR 1.3–3.7), 475 nmol/L (IQR

337–611), 742 nmol/L (619.5–859.5) nmol/L, and 257 nmol/L

(IQR 156.5–376), respectively.

Gender and Age Differences
Overall gender differences were found in DHEA (p = 0.0047),

which was higher in women, and DHEAS (p = 0.0002), which was

higher in men. Neither basal (p = 0.4801), stimulated (p = 0.0572),

delta cortisol (p = 0.5220) nor cortisol/DHEA (p = 0.8138) showed

significant gender differences.

A decrease of DHEAS across age classes was found both in men

(p,0.0001) and women (p = 0.0015), which lead to an increase of

the cortisol/DHEAS - ratio across age classes (women: p = 0.0036,

men: p,0.0001).

Correlation between Stroke Severity and Adrenal
Function

Basal and stimulated cortisol correlated with severity of stroke as

assessed by NIHSS (correlation coefficient 0.36 (p,0.0001) and

0.32 (p,0.0001). The ratios cortisol/DHEA and cortisol/DHEAS

showed a weaker correlation (correlation coefficient 0.16, p = 0.02

and 0.15, p = 0.02). There was no significant correlation between

NIHSS and delta cortisol, as well as DHEA and DHEAS.

Adrenal Function and Functional Outcome
Before adjusting for covariates, DHEAS, and to a lesser extent

DHEA, were associated with functional outcome (p = 0.0212 and

Table 1. Baseline characteristics.

Age, yr (mean 6 SD) 71614

Male sex, no (%) 137 (59%)

Clinical findings mean 6 SD

body temperature, uC 37.060.7

Heart rate, beats/min 78616.69

systolic blood pressure, mmHg 161626.24

diastolic blood pressure, mmHg 91616

Medication upon admittance

Diuretics 80 (35%)

ACE-inhibitors 53 (23%)

Sartans 43 (19%)

Ca-antagonists 31 (13%)

Betablockers 58 (25%)

Statins 50 (22%)

Phenprocoumon 21 (19%)

Acetyl salicylate 100–300 mg daily 86 (37%)

Benzodiazepines 27 (11.7%)

Glucocorticoids 9 (3.9%)

Clinical Stroke Syndrome

TACS 22 (10%)

PACS 106 (46%)

LACS 48 (21%)

POCS 55 (24%)

Scores median (IQR)

NIHSS on admission (pts) 5 (2–10)

Charlson Comorbidity Index (pts) 1 (0–2)

Laboratory findings median (IQR)

Cortisol basal (nmol/L) 475 (337–611)

Cortisol 30 min. (nmol/L) 742 (619.5–859.5)

D Cortisol (nmol/L) 257 (156.5–376)

DHEA (nmol/L) 15.5 (9.4–25.0)

DHEAS (mmol/L) 2.4 (1.3–3.7)

Outcome

death after 1 year, no. (%) 38 (16.45)

Lost to follow-up after 1 year, no. (%) 7 (3)

n = 231.
doi:10.1371/journal.pone.0063224.t001
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p = 0.0744). Basal and stimulated cortisol, but not delta cortisol,

were also associated with functional outcome (p = 0.0013, 0.0389,

and 0.4996, respectively). The ratios cortisol/DHEA and cortisol/

DHEAS were also associated with functional outcome (p = 0.0047

and 0.0002).

After adjusting for age, gender and the Charlson Index, results

remained largely unchanged except the ratios cortisol/DHEA and

cortisol/DHEAS.

DHEAS, but not DHEA, was predictive for poor functional

outcome (adjusted OR 1.21 (95% CI 1.01–1.49, and 1.01 (0.99–

1.04), respectively). Basal cortisol remained predictive for func-

tional outcome (adjusted OR 1.20 (95% CI 1.04–1.38), whereas

stimulated cortisol and delta cortisol did not have any predictive

value (adjusted OR 1.11 (95% CI 0.97–1.27 and 0.86 (0.71–1.05),

respectively). The ratios cortisol/DHEA and cortisol/DHEAS

were not predictive for functional outcome (adjusted OR for both

1.0 (95% CI 0.99–1.0).

For detailed values, see Table 2.

Adrenal Function and Mortality
Before adjusting for covariates, DHEAS, but not DHEA, was

associated with all-cause-mortality after 1 year (p = 0.0709 and

0.0477, respectively). Basal and stimulated cortisol, but not delta

cortisol, were also associated with mortality (p,0.0001,

p = 0.0013, and p = 0.3232, respectively). The ratios cortisol/

DHEA and cortisol/DHEAS were associated with mortality as

well (p = 0.0001 and 0.0003).

After adjusting for age, gender and the Charlson Index, neither

DHEA nor DHEAS remained predictive for mortality (adjusted

OR 0.99 and 1.10 (95% CI 0.96–1.03 and 0.82–1.44). Basal and

stimulated cortisol, but not delta cortisol, were predictive for

mortality (adjusted OR 1.41 (95% CI 1.20–1.71), 1.35 (95% CI

1.15–1.60), and 0.92 (95% CI 0.72–1.17), respectively.) The ratios

cortisol/DHEA and cortisol/DHEAS were not predictive for

mortality (adjusted OR for both 1.0 (95% CI 0.99–1.0 and 1.0–

1.01, respectively). For detailed results, see Table 3.

Overall survival was better in patients with a basal cortisol level

below the median of 475 nmol/L (p = 0.001, Hazard Ratio (HR)

0.35, 95% CI 0.19–0.67; Figure 1A) and with a stimulated cortisol

level below the median of 742 nmol/L (p = 0.02, HR 0.45, 95%

CI 0.24–0.86, Figure 1B). Overall survival was better in patients

with a DHEA level above the median level of 15.5 nmol/L

(p = 0.0236, Hazard Ratio 2.09, 95% CI 1.104 to 3.955;

Figure 1C). DHEAS survival was not significant (p = 0.1490,

Hazard Ratio 1.60, 95% CI 0.85–3.80; Figure 1D). Overall

survival was better in patients with a cortisol/DHEA ratio below

the median of 27 nmol/nmol (p = 0.0002, Hazard Ratio 0.32,

95% CI 0.17–0.61; Figure 1E) and with a cortisol/DHEAS ratio

below the median of 203 nmol/micromol (p = 0.0004, Hazard

Ratio 0.31, 95% CI 0.17–0.59; Figure 1F).

The area under the curve (AUC) was best for basal cortisol and

cortisol/DHEAS with 0.71 (95% CI 0.61–0.80 for basal cortisol

and 0.63–0.81 for cortisol/DHEAS), followed by cortisol/DHEA

(AUC 0.70, 95% CI 0.61–0.79), stimulated cortisol (AUC 0.67,

95% CI 0.57–0.77), DHEAS (AUC 0.60, 95% CI 0.51–0.69), and

DHEA (AUC 0.59, 95% CI 0.49–0.69) (see figure 2).

‘‘Poor Outcome but Survival’’ Compared to Non-survival
We found an overall difference between the groups mRS 0–2

(‘‘good outcome’’), mRS 3–5 (‘‘poor outcome but survival’’) and

mRS 6 (‘‘non-survival’’) for basal cortisol (p = 0.0002), stimulated

cortisol (p = 0.0041) and the ratios cortisol/DHEA (p = 0.0003)

and cortisol/DHEAS (p,0.0001).

For basal cortisol, there was only a difference between mRS 0–2

and mRS 6 (p = 0.0010) but not between mRS 3–5 and mRS 6.

For stimulated cortisol, a difference was found between mRS 0–

2 and mRS 6 (p = 0.0010) and between mRS 3–5 and mRS 6

(p = 0.0112).

For the ratio cortisol/DHEA and cortisol/DHEAS, we found

differences between mRS 0–2 and mRS 6 (both p,0.0001) and

between mRS 3–5 and mRS 6 (p = 0.0071 and p = 0.0029).

Clinical Stroke Syndrom, Lesion Size and Andrenal
Parameters

Values of basal cortisol showed significant differences with

highest values in TACS and lowest in PACS (p = 0.002);

stimulated cortisol was highest in PACS, lower in LACS

(p = 0.0002) and lowest in POCS (p = 0.0002). DHEA, DHEAS

and their ratios with cortisol did not depend on the subtype of

stroke according to the Oxfordshire Community Stroke Project

criteria (all p.0.1).

Lesion size correlated with basal (correlation coefficient 0.36,

p = 0.0361) and stimulated cortisol (correlation coefficient 0.32,

p = 0.0027) and cortisol/DHEA (correlation coefficient 0.15,

p = 0.0289) as well, but not with delta cortisol (p = 0.28), DHEA

(p = 0.27), DHEAS (p = 0.26), or cortisol/DHEAS (p = 0.74).

Discussion

Acute ischemic stroke activates the HPA-axis [6,49], and the

role of adrenal function as outcome predictor is debated

[5,6,36,38,39].

Table 2. Prognostic value of DHEA, DHEAS, basal cortisol, stimulated, delta cortisol, and the ratios cortisol/DHEA and cortisol/
DHEAS for functional outcome after 1 year.

Functional outcome mRS 2 or less,median (IQR) mRS.2,median (IQR) Adjusted* OR, (95% CI)

DHEA(nmol/L) 16.9(10.7–26.2) 14.0(8.4–23.2) 1.01(0.99–1.04)

DHEAS(micromol/L) 2.7(1.2–4.0) 2.0(1.3–2.8) 1.23(1.01–1.49)

Cortisol(nmol/L) 452.5(323–569) 511.5(372.3–680) 1.20(1.04–1.38)

Stimulated Cortisol(nmol/L) 731(623–837) 774(641–911) 1.11(0.97–1.27)

Delta cortisol(nmol/L) 267.5(169.8–384) 247.5(141–374) 0.86(0.71–1.05)

Cortisol/DHEA (nmol/nmol) 24 (16–35) 31 (19–60) 1.0 (0.99–1.00)

Cortisol/DHEAS (nmol/micromol) 171 (113–296) 248 (169–433) 1.0 (0.99–1.00)

*adjusted for gender, age and charlson index.
doi:10.1371/journal.pone.0063224.t002
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In our study, DHEAS but not its precursor DHEA was

associated with functional outcome, but not with survival. The

different result for DHEA and DHEAS is most likely due to the

short serum half-life, and the pronounced intraindividual and

interindividual variability of DHEA.

Previous observations in patients with community-acquired

pneumonia, septic shock, critical illness and trauma found a

predictive value of high DHEAS levels for both favorable [14–

16,50] and unfavorable outcome [15,16,51]. So far, only two

studies investigated DHEAS levels in stroke, again with contro-

versial findings. One study did not find any correlation between

DHEAS levels and functional outcome [5], whereas the other

found a significant association with functional outcome but not

with mortality in a population of postmenopausal women [36]. In

some, but not all [52] epidemiologic studies, low DHEAS-levels

were predictive for intima-media-thickness [53,54], cardiovascular

disease [28,55] and all-cause mortality [29,56,57]. In rats, DHEA

has been shown to have a direct local neuroprotective effect in

ischemia if administered in the right time window [58], indicating

a local neuroprotective effect of systemic DHEA/2S. Low

DHEA/2S levels may therefore represent a lack of neuroprotec-

tion and/or vascular protection.

Although acute ischemic stroke is considered an acute critical

illness, findings from other critical illnesses concerning DHEA and

DHEAS may not translate into the field of ischemic stroke. DHEA

and DHEAS are also synthesized locally in the brain [23] and

peripheral DHEA- and DHEAS-levels may be influenced by brain

DHEA/2S synthesis [59,60].

In our patients, we found that low DHEAS levels predicted

adverse functional outcome. This finding is in agreement with the

assumed neuroprotective role of DHEAS in ischemic stroke[20–

22]. It may be that lower DHEAS synthesis leads to a higher

ischemic neuronal loss after stroke and thus unfavorable outcome.

Our data showing a significant association of DHEAS and

outcome can, however, not answer the question whether lower

DHEAS is a cause or a consequence of ischemic stroke, or a

combination of both. An increased cortisol/DHEAS ratio has

been identified as a risk factor for atherosclerosis [26,27].

Therefore, DHEAS and cortisol/DHEAS ratio upon admittance

may represent the values to which the patient was exposed before

stroke pointing to a potential causal factor of stroke. On the other

hand, DHEAS and cortisol/DHEAS ratio may represent the acute

activation of the HPA-axis during or after stroke and could

therefore be the consequence of the stroke.

In accordance with previous literature, basal cortisol is a

predictor for mortality and functional outcome in patients with

ischemic stroke in our cohort, with higher levels in patients with an

unfavorable outcome [5–9,38]. High basal cortisol reflects an

activated HPA-axis and a higher stress level. Stimulated cortisol is

a measure of adrenal reserve. In our study, basal cortisol was a

stronger predictor for outcome and mortality than stimulated

cortisol levels.

As basal and stimulated cortisol levels are correlated with the

NIHSS, it is suggestive that the amount of activation of the HPA-

axis is at least partially a result of the acute ischemic event. This is

also supported by the correlation of lesion size with cortisol values.

Furthermore, delta cortisol was not associated with functional

outcome or mortality. Most probably, this is due to the high

variability of the cortisol surge and due to the fact that some of the

patients are already maximally stimulated by physical stress [61].

A critical illness-related corticosteroid insufficiency (CIRCI), as

described and controversially debated in intensive care patients

[62], is defined by a relatively low basal cortisol or an insufficient

increase after ACTH stimulation and associated with a higher

mortality in septic shock [63,64]. According to our data, the

amount of cortisol increase upon ACTH stimulation seems not to

be relevant and predictive in stroke. This is in accordance with

data of ACTH stimulation in severe pneumonia [65]. Whereas

early activation of the HPA-axis at a hypothalamic level has been

shown to be predictive for functional outcome and survival in

acute ischemic stroke and is easily measurable [8,66], the adrenal

reaction is more subtle. The prognostic value of DHEAS and

cortisol for functional outcome shows that acute ischemic stroke

with unfavorable outcome is a state in which the HPA-axis and the

adrenals as its end-organs react with a relatively higher synthesis of

cortisol in comparison to DHEAS, leading to a higher cortisol/

DHEAS ratio than in patients with favourable outcome. At the

level of the adrenals, this means a shift from synthesis of androgen

precursor hormones, which the body apparently does not need for

imminent survival, to synthesis of a stress hormone thought to be

essential for survival in acute illness. Accordingly, there was a

gradual increase of the ratios cortisol/DHEA and cortisol/

DHEAS from good outcome to poor functional outcome to non-

survival. The ratio cortisol/DHEAS had the same AUC like basal

cortisol (see figure 2) and a lower hazard ratio (see figure 1), being

as sensitive for mortality in acute ischemic stroke as basal cortisol

in univariate but not multivariate analysis.

An increased cortisol/DHEAS ratio has been found to be a

surrogate for neurodegenerative diseases[31–33]. Therefore, an

alternative hypothesis is that the cortisol/DHEAS ratio may

represent a slightly lower cerebral DHEAS production in relation

to cortisol already before the stroke in predisposing patients.

Table 3. Prognostic value of DHEA, DHEAS, basal cortisol, stimulated cortisol, delta cortisol, and the ratios cortisol/DHEA and
cortisol/DHEAS for mortality after 1 year.

Mortality survivors, median (IQR) Nonsurvivors, median (IQR) Adjusted* OR, (95% CI)

DHEA (nmol/L) 15.9 (9.9–25.5) 12.1 (8.2–22.8) 0.99 (0.96–1.03)

DHEAS (micromol/L) 2.5 (1.3–3.9) 1.9 (1.2–2.8) 1.10 (0.82–1.44)

Cortisol (nmol/L) 461 (325–585) 606 (471–800) 1.41 (1.20–1.71)

Stimulated Cortisol (nmol/L) 728 (618–841) 836 (691–1078) 1.35 (1.15–1.60)

Delta cortisol (nmol/L) 261 (164–380) 241 (139–369) 0.92 (0.72–1.17)

Cortisol/DHEA (nmol/nmol) 16 (16–37) 190 (117–304) 1.0 (1.0–1.01)

Cortisol/DHEAS (nmol/micromol) 46 (27–78) 389 (233–582) 1.0 (0.99–1.00)

*adjusted for gender, age and charlson index.
doi:10.1371/journal.pone.0063224.t003
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Figure 1. Kaplan Meier Survival Curves. A. Survival in relation to median cortisol level of 475 nmol/L. p = 0.0014, Hazard Ratio 0.35, 95% CI 0.19–
0.67. B. Survival in relation to median stimulated cortisol level of 742 nmol/L. p = 0.015, Hazard Ratio 0.4496, 95% CI 0.24–0.86. C. Survival in relation
to median dehydroepiandrosterone level of 15.5 nmol/L. p = 0.0236, Hazard Ratio 2.09, 95% CI 1.104 to 3.955. D. Survival in relation to median
dehydroepiandrosterone-sulfate level of 2.4 umol/L. p = 0.1490, Hazard Ratio 1.60, 95% CI 0.85–3.80. E. Survival in relation to median cortisol/DHEA
level of 27 nmol/nmol. p = 0.0002, Hazard Ratio 0.32, 95% CI 0.17–0.61. F: Survival in relation to median cortisol/DHEAS level of 203 nmol/micromol.
p = 0.0004, Hazard Ratio 0.31, 95% CI 0.17–0.59.
doi:10.1371/journal.pone.0063224.g001
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Although we found a predictive value for outcome and mortality

for the cortisol/DHEAS-ratio in univariate analysis, it did not

remain after adjustment, moreover DHEAS itself was only

predictive for outcome and not for survival.

There are several limitations to this study.

First, we performed single measurements of adrenal hormones

upon admission to the hospital. This bears a potential for bias, as

cortisol, DHEA, DHEAS and the adrenal reactivity to the ACTH

test has a certain diurnal and individual variability and may

change fast in relation to external stimuli. Repeated measurements

and urinary collection may further improve the prognostic ability

of hormones for outcome prediction. Yet, previous studies have

shown that initial hormone measurements predict outcome in

acute illness and are easier to collect on an everyday basis [67,68],

whereas in chronic illnesses and neurodegenerative processes [69–

72], measurement of urinary excretion of steroid metabolites has

proven to be more feasible and useful.

Second, we did not collect specimen in patients before stroke

onset. Therefore, we cannot differentiate between baseline

abnormalities and acute changes due to the event itself.

Third, a second measurement of adrenal hormones at the time

of follow-up would have permitted some insights in the long term

dynamics of these markers. However, this has not been performed

due to limited resources.

Fourth, with our data, it is not possible to discriminate between

adrenal and cerebral synthesis of DHEA. Since in stroke patients

we do not routinely perform spinal taps we have no means of easily

assessing potential possible intra-cerebral production of DHEAS.

Finally, whereas we collected detailed data on drugs which are

known to be associated with stroke prognosis like antihypertensive

drugs and statins, we have only limited knowledge on medication

with potential influence on adrenal function. However, by

adjusting to the Charlson Index, the data is adjusted to

comorbidities like dementia, diabetes, hemato-oncologic diseases

and connective tissue disease that have the potential to influence

adrenal function directly or via concomitant medication.

Conclusions

This study found that surrogates of adrenal androgen and

glucocorticoid production are predictive for functional outcome

and mortality in acute ischemic stroke. DHEAS is predictive for

functional outcome only, whereas cortisol levels are predictive of

both, functional outcome and mortality. An increased cortisol/

DHEAS ratio is associated with an unfavourable outcome, in uni-

but not in multivariate analysis. The low-dose-ACTH-test does not

add any additional prognostic information. CIRCI, a term

controversially discussed in critical illness, is apparently not of

clinical relevance in acute stroke.

Acknowledgments

We are grateful to the nurses, ward physicians and staff of the central

laboratory of the University Hospital Basel; the Department of Neurology;

the emergency department; and notably, V. Wyss, U. Duerring, and U.

Schild of the Endocrinology Department of Basel for the processing of the

specimen and for logistic support.

Author Contributions

Conceived and designed the experiments: CAB MK PS MCC BM FF.

Performed the experiments: CAB MK PS MCC BM FF. Analyzed the

data: CAB CM MK PS MCC BM. Contributed reagents/materials/

analysis tools: MT. Wrote the paper: CAB CM. Revised the manuscript:

CAB CM MK PS MCC BM MT FF.

References

1. Murray CJ, Vos T, Lozano R, Naghavi M, Flaxman AD, et al. (2013) Disability-

adjusted life years (DALYs) for 291 diseases and injuries in 21 regions, 1990–

2010: a systematic analysis for the Global Burden of Disease Study 2010. Lancet

380: 2197–2223.

2. Truelsen T, Piechowski-Jozwiak B, Bonita R, Mathers C, Bogousslavsky J, et al.

(2006) Stroke incidence and prevalence in Europe: a review of available data.

Eur J Neurol 13: 581–598.

3. Widmer IE, Puder JJ, Konig C, Pargger H, Zerkowski HR, et al. (2005) Cortisol

response in relation to the severity of stress and illness. J Clin Endocrinol Metab

90: 4579–4586.

4. Hamrahian AH, Oseni TS, Arafah BM (2004) Measurements of serum free

cortisol in critically ill patients. N Engl J Med 350: 1629–1638.

5. Marklund N, Peltonen M, Nilsson TK, Olsson T (2004) Low and high

circulating cortisol levels predict mortality and cognitive dysfunction early after

stroke. J Intern Med 256: 15–21.

6. Michalaki M, Margeli T, Tsekouras A, Gogos CH, Vagenakis AG, et al. (2010)

Hypothalamic-pituitary-adrenal axis response to the severity of illness in non-

critically ill patients: does relative corticosteroid insufficiency exist?

Eur J Endocrinol 162: 341–347.

7. Christensen H, Boysen G, Johannesen HH (2004) Serum-cortisol reflects severity

and mortality in acute stroke. J Neurol Sci 217: 175–180.

8. Katan M, Fluri F, Morgenthaler NG, Schuetz P, Zweifel C, et al. (2009)

Copeptin: a novel, independent prognostic marker in patients with ischemic

stroke. Ann Neurol 66: 799–808.

9. Neidert S, Katan M, Schuetz P, Fluri F, Ernst A, et al. (2011) Anterior pituitary

axis hormones and outcome in acute ischaemic stroke. J Intern Med 269: 420–

432.

10. Anne M, Juha K, Timo M, Mikko T, Olli V, et al. (2007) Neurohormonal

activation in ischemic stroke: effects of acute phase disturbances on long-term

mortality. Curr Neurovasc Res 4: 170–175.

11. Slowik A, Turaj W, Pankiewicz J, Dziedzic T, Szermer P, et al. (2002)

Hypercortisolemia in acute stroke is related to the inflammatory response.

J Neurol Sci 196: 27–32.

12. Rosenfeld RS, Hellman L, Roffwarg H, Weitzman ED, Fukushima DK, et al.

(1971) Dehydroisoandrosterone is secreted episodically and synchronously with

cortisol by normal man. J Clin Endocrinol Metab 33: 87–92.

13. Pavlov EP, Harman SM, Chrousos GP, Loriaux DL, Blackman MR (1986)

Responses of plasma adrenocorticotropin, cortisol, and dehydroepiandrosterone

to ovine corticotropin-releasing hormone in healthy aging men. J Clin

Endocrinol Metab 62: 767–772.

14. Beishuizen A, Thijs LG, Vermes I (2002) Decreased levels of dehydroepian-

drosterone sulphate in severe critical illness: a sign of exhausted adrenal reserve?

Crit Care 6: 434–438.

Figure 2. ROC of adrenal values. Dehydroepiandrosterone (DHEA):
Area 0.59, Std. Error 0.05, 95% CI 0.49–0.69, p = 0.07 Dehydroepian-
drosterone-sulfate (DHEAS): Area 0.60, Std. Error 0.04, 95% CI 0.51–0.69,
p = 0.048. Basal cortisol: Area 0.71, Std. Error 0.05, 95% CI 0.61–0.80,
p,0.0001. Stimulated cortisol: Area 0.67, Std. Error 0.05, 95% CI 0.57–
0.77, p = 0.001. Cortisol/DHEA: Area 0.70, Std. Error 0.05, 95% CI 0.61–
0.79, p,0.0001. Cortisol/DHEAS: Area 0.71, Std. Error 0.05, 95% CI 0.63–
0.81, p,0.0001.
doi:10.1371/journal.pone.0063224.g002

Adrenal Function in Acute Ischemic Stroke

PLOS ONE | www.plosone.org 7 May 2013 | Volume 8 | Issue 5 | e63224



15. Arlt W, Hammer F, Sanning P, Butcher SK, Lord JM, et al. (2006) Dissociation

of serum dehydroepiandrosterone and dehydroepiandrosterone sulfate in septic

shock. J Clin Endocrinol Metab 91: 2548–2554.

16. Marx C, Petros S, Bornstein SR, Weise M, Wendt M, et al. (2003)

Adrenocortical hormones in survivors and nonsurvivors of severe sepsis: diverse

time course of dehydroepiandrosterone, dehydroepiandrosterone-sulfate, and

cortisol. Crit Care Med 31: 1382–1388.

17. Baulieu EE, Robel P (1998) Dehydroepiandrosterone (DHEA) and dehydroepi-

androsterone sulfate (DHEAS) as neuroactive neurosteroids. Proc Natl Acad

Sci U S A 95: 4089–4091.

18. Phillips AC, Carroll D, Gale CR, Lord JM, Arlt W, et al. (2010) Cortisol, DHEA

sulphate, their ratio, and all-cause and cause-specific mortality in the Vietnam

Experience Study. Eur J Endocrinol 163: 285–292.

19. Barrett-Connor E, Khaw KT, Yen SS (1986) A prospective study of

dehydroepiandrosterone sulfate, mortality, and cardiovascular disease.

N Engl J Med 315: 1519–1524.

20. Wang L, Hao Q, Wang YD, Wang WJ, Li DJ (2011) Protective effects of

dehydroepiandrosterone on atherosclerosis in ovariectomized rabbits via

alleviating inflammatory injury in endothelial cells. Atherosclerosis 214: 47–57.

21. Bologa L, Sharma J, Roberts E (1987) Dehydroepiandrosterone and its sulfated

derivative reduce neuronal death and enhance astrocytic differentiation in brain

cell cultures. J Neurosci Res 17: 225–234.

22. Lapchak PA, Chapman DF, Nunez SY, Zivin JA (2000) Dehydroepiandroster-

one sulfate is neuroprotective in a reversible spinal cord ischemia model: possible

involvement of GABA(A) receptors. Stroke 31: 1953–1956; discussion 1957.

23. Corpechot C, Robel P, Axelson M, Sjovall J, Baulieu EE (1981) Characteriza-

tion and measurement of dehydroepiandrosterone sulfate in rat brain. Proc Natl

Acad Sci U S A 78: 4704–4707.

24. Wolf OT, Kirschbaum C (1999) Actions of dehydroepiandrosterone and its

sulfate in the central nervous system: effects on cognition and emotion in animals

and humans. Brain Res Brain Res Rev 30: 264–288.

25. Baulieu EE (1999) Neuroactive neurosteroids: dehydroepiandrosterone (DHEA)

and DHEA sulphate. Acta Paediatr Suppl 88: 78–80.

26. Kancheva R, Hill M, Novak Z, Chrastina J, Kancheva L, et al. (2011)

Neuroactive steroids in periphery and cerebrospinal fluid. Neuroscience 191:

22–27.

27. Chehab O, Ouertani M, Chaieb K, Haouala F, Mahdouani K (2007) Hormonal

status of cortisol and dehydroepiandrosterone sulfate in an elderly Tunisian

population. C R Biol 330: 755–763.

28. Thijs L, Fagard R, Forette F, Nawrot T, Staessen JA (2003) Are low

dehydroepiandrosterone sulphate levels predictive for cardiovascular diseases?

A review of prospective and retrospective studies. Acta Cardiol 58: 403–410.

29. Ohlsson C, Labrie F, Barrett-Connor E, Karlsson MK, Ljunggren O, et al.

(2010) Low serum levels of dehydroepiandrosterone sulfate predict all-cause and

cardiovascular mortality in elderly Swedish men. J Clin Endocrinol Metab 95:

4406–4414.

30. Jeckel CM, Lopes RP, Berleze MC, Luz C, Feix L, et al. (2010) Neuroendocrine

and immunological correlates of chronic stress in ‘strictly healthy’ populations.

Neuroimmunomodulation 17: 9–18.

31. Armanini D, Vecchio F, Basso A, Milone FF, Simoncini M, et al. (2003)

Alzheimer’s disease: pathophysiological implications of measurement of plasma

cortisol, plasma dehydroepiandrosterone sulfate, and lymphocytic corticosteroid

receptors. Endocrine 22: 113–118.

32. D’Astous M, Morissette M, Tanguay B, Callier S, Di Paolo T (2003)

Dehydroepiandrosterone (DHEA) such as 17beta-estradiol prevents MPTP-

induced dopamine depletion in mice. Synapse 47: 10–14.

33. Kumpfel T, Then Bergh F, Friess E, Uhr M, Yassouridis A, et al. (1999)

Dehydroepiandrosterone response to the adrenocorticotropin test and the

combined dexamethasone and corticotropin-releasing hormone test in patients

with multiple sclerosis. Neuroendocrinology 70: 431–438.

34. Wade CE, Lindberg JS, Cockrell JL, Lamiell JM, Hunt MM, et al. (1988) Upon-

admission adrenal steroidogenesis is adapted to the degree of illness in intensive

care unit patients. J Clin Endocrinol Metab 67: 223–227.

35. Parker LN, Levin ER, Lifrak ET (1985) Evidence for adrenocortical adaptation

to severe illness. J Clin Endocrinol Metab 60: 947–952.

36. Pappa T, Vemmos K, Saltiki K, Mantzou E, Stamatelopoulos K, et al. (2012)

Severity and outcome of acute stroke in women: relation to adrenal sex steroid

levels. Metabolism 61: 84–91.

37. Cooper MS, Stewart PM (2003) Corticosteroid insufficiency in acutely ill

patients. N Engl J Med 348: 727–734.

38. Olsson T, Marklund N, Gustafson Y, Nasman B (1992) Abnormalities at

different levels of the hypothalamic-pituitary-adrenocortical axis early after

stroke. Stroke 23: 1573–1576.

39. Dimopoulou I, Tsagarakis S, Douka E, Zervou M, Kouyialis AT, et al. (2004)

The low-dose corticotropin stimulation test in acute traumatic and non-

traumatic brain injury: incidence of hypo-responsiveness and relationship to

outcome. Intensive Care Med 30: 1216–1219.

40. von Elm E, Altman DG, Egger M, Pocock SJ, Gotzsche PC, et al. (2007) The

Strengthening the Reporting of Observational Studies in Epidemiology

(STROBE) statement: guidelines for reporting observational studies. Lancet

370: 1453–1457.

41. Hatano S (1976) Experience from a multicentre stroke register: a preliminary

report. Bull World Health Organ 54: 541–553.

42. Bamford J, Sandercock P, Dennis M, Burn J, Warlow C (1991) Classification

and natural history of clinically identifiable subtypes of cerebral infarction.

Lancet 337: 1521–1526.

43. Rankin J (1957) Cerebral vascular accidents in patients over the age of 60. II.

Prognosis. Scott Med J 2: 200–215.

44. Dickstein G, Shechner C, Nicholson WE, Rosner I, Shen-Orr Z, et al. (1991)

Adrenocorticotropin stimulation test: effects of basal cortisol level, time of day,

and suggested new sensitive low dose test. J Clin Endocrinol Metab 72: 773–778.

45. Goldstein LB, Samsa GP, Matchar DB, Horner RD (2004) Charlson Index

comorbidity adjustment for ischemic stroke outcome studies. Stroke 35: 1941–

1945.

46. Laughlin GA, Barrett-Connor E (2000) Sexual dimorphism in the influence of

advanced aging on adrenal hormone levels: the Rancho Bernardo Study. J Clin

Endocrinol Metab 85: 3561–3568.

47. de Bruin VM, Vieira MC, Rocha MN, Viana GS (2002) Cortisol and

dehydroepiandosterone sulfate plasma levels and their relationship to aging,

cognitive function, and dementia. Brain Cogn 50: 316–323.

48. Valenti G (2004) Neuroendocrine hypothesis of aging: the role of corticoadrenal

steroids. J Endocrinol Invest 27: 62–63.

49. Johansson A, Olsson T, Carlberg B, Karlsson K, Fagerlund M (1997)

Hypercortisolism after stroke–partly cytokine-mediated? J Neurol Sci 147: 43–

47.

50. Kleindienst A, Brabant G, Morgenthaler NG, Dixit KC, Parsch H, et al. (2010)

Following brain trauma, copeptin, a stable peptide derived from the AVP

precusor, does not reflect osmoregulation but correlates with injury severity.

Acta Neurochir Suppl 106: 221–224.

51. Kolditz M, Halank M, Schulte-Hubbert B, Hoffken G (2010) Adrenal function is

related to prognosis in moderate community-acquired pneumonia. Eur Respir J

36: 615–621.

52. Arnlov J, Pencina MJ, Amin S, Nam BH, Benjamin EJ, et al. (2006) Endogenous

sex hormones and cardiovascular disease incidence in men. Ann Intern Med

145: 176–184.

53. Hougaku H, Fleg JL, Najjar SS, Lakatta EG, Harman SM, et al. (2006)

Relationship between androgenic hormones and arterial stiffness, based on

longitudinal hormone measurements. Am J Physiol Endocrinol Metab 290:

E234–242.

54. Creatsa M, Armeni E, Stamatelopoulos K, Rizos D, Georgiopoulos G, et al.

(2011) Circulating androgen levels are associated with subclinical atherosclerosis

and arterial stiffness in healthy recently menopausal women. Metabolism.

55. Sanders JL, Boudreau RM, Cappola AR, Arnold AM, Robbins J, et al. (2010)

Cardiovascular disease is associated with greater incident dehydroepiandroster-

one sulfate decline in the oldest old: the cardiovascular health study all stars

study. J Am Geriatr Soc 58: 421–426.

56. Phillips AC, Carroll D, Gale CR, Lord JM, Arlt W, et al. (2010) Cortisol,

DHEAS, their ratio and the metabolic syndrome: evidence from the Vietnam

Experience Study. Eur J Endocrinol 162: 919–923.

57. Shufelt C, Bretsky P, Almeida CM, Johnson BD, Shaw LJ, et al. (2010) DHEA-S

levels and cardiovascular disease mortality in postmenopausal women: results

from the National Institutes of Health–National Heart, Lung, and Blood

Institute (NHLBI)-sponsored Women’s Ischemia Syndrome Evaluation (WISE).

J Clin Endocrinol Metab 95: 4985–4992.

58. Li Z, Cui S, Zhang Z, Zhou R, Ge Y, et al. (2009) DHEA-neuroprotection and -

neurotoxicity after transient cerebral ischemia in rats. J Cereb Blood Flow

Metab 29: 287–296.

59. Miyajima M, Kusuhara H, Fujishima M, Adachi Y, Sugiyama Y (2011) Organic

anion transporter 3 mediates the efflux transport of an amphipathic organic

anion, dehydroepiandrosterone sulfate, across the blood-brain barrier in mice.

Drug Metab Dispos 39: 814–819.

60. Ohtsuki S (2004) New aspects of the blood-brain barrier transporters; its

physiological roles in the central nervous system. Biol Pharm Bull 27: 1489–

1496.

61. Dickstein G (2005) On the term ‘‘relative adrenal insufficiency’’–or what do we

really measure with adrenal stimulation tests? J Clin Endocrinol Metab 90:

4973–4974.

62. Marik PE, Pastores SM, Annane D, Meduri GU, Sprung CL, et al. (2008)

Recommendations for the diagnosis and management of corticosteroid

insufficiency in critically ill adult patients: consensus statements from an

international task force by the American College of Critical Care Medicine. Crit

Care Med 36: 1937–1949.

63. de Jong MF, Beishuizen A, van Schijndel RJ, Girbes AR, Groeneveld AB (2012)

Risk factors and outcome of changes in adrenal response to ACTH in the course

of critical illness. J Intensive Care Med 27: 37–44.

64. Moraes RB, Czepielewski MA, Friedman G, Borba EL (2011) Diagnosis of

adrenal failure in critically ill patients. Arq Bras Endocrinol Metabol 55: 295–

302.

65. Salluh JI, Shinotsuka CR, Soares M, Bozza FA, Lapa e Silva JR, et al. (2010)

Cortisol levels and adrenal response in severe community-acquired pneumonia:

a systematic review of the literature. J Crit Care 25: 541 e541–548.

66. Urwyler SA, Schuetz P, Fluri F, Morgenthaler NG, Zweifel C, et al. (2010)

Prognostic value of copeptin: one-year outcome in patients with acute stroke.

Stroke 41: 1564–1567.

67. Feibel JH, Hardy PM, Campbell RG, Goldstein MN, Joynt RJ (1977) Prognostic

value of the stress response following stroke. JAMA 238: 1374–1376.

Adrenal Function in Acute Ischemic Stroke

PLOS ONE | www.plosone.org 8 May 2013 | Volume 8 | Issue 5 | e63224



68. Folan MM, Stone RA, Pittenger AL, Stoffel JA, Hess MM, et al. (2001)

Dehydroepiandrosterone, dehydroepiandrosterone-sulfate, and cortisol concen-

trations in intensive care unit patients. Crit Care Med 29: 965–970.

69. Kleindienst A, Brabant G, Bock C, Maser-Gluth C, Buchfelder M (2009)

Neuroendocrine function following traumatic brain injury and subsequent

intensive care treatment: a prospective longitudinal evaluation. J Neurotrauma

26: 1435–1446.

70. Delahanty DL, Nugent NR, Christopher NC, Walsh M (2005) Initial urinary

epinephrine and cortisol levels predict acute PTSD symptoms in child trauma
victims. Psychoneuroendocrinology 30: 121–128.

71. Levine A, Cohen D, Zadik Z (1994) Urinary free cortisol values in children

under stress. J Pediatr 125: 853–857.
72. Rasmuson S, Andrew R, Nasman B, Seckl JR, Walker BR, et al. (2001)

Increased glucocorticoid production and altered cortisol metabolism in women
with mild to moderate Alzheimer’s disease. Biol Psychiatry 49: 547–552.

Adrenal Function in Acute Ischemic Stroke

PLOS ONE | www.plosone.org 9 May 2013 | Volume 8 | Issue 5 | e63224


