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ABSTRACT

BACKGROUND

Because more than 90 percent of circulating cortisol in human serum is protein-bound,
changes in the binding proteins can alter measured serum total cortisol concentrations
without influencing free concentrations of this hormone. We investigated the effect of
decreased amounts of cortisol-binding proteins on serum total and free cortisol concen-
trations during critical illness, when glucocorticoid secretion is maximally stimulated.

METHODS

Base-line serum total cortisol, cosyntropin-stimulated serum total cortisol, aldosterone,
and free cortisol concentrations were measured in 66 critically ill patients and 33 healthy
volunteers in groups that were similar with regard to sex and age. Of the 66 patients, 36
had hypoproteinemia (albumin concentration, 2.5 g per deciliter or less), and 30 had
near-normal serum albumin concentrations (above 2.5 g per deciliter).

RESULTS

Base-line and cosyntropin-stimulated serum total cortisol concentrations were lower
in the patients with hypoproteinemia than in those with near-normal serum albumin
concentrations (P<0.001). However, the mean (+SD) base-line serum free cortisol con-
centrations were similar in the two groups of patients (5.1+4.1and 5.2+3.5 pg per deci-
liter [140.7£113.1 and 143.5£96.6 nmol per liter]) and were several times higher than
the values in controls (0.610.3 pug per deciliter [16.6£8.3 nmol per liter], P<0.001 for
both comparisons). Cosyntropin-stimulated serum total cortisol concentrations were
subnormal (18.5 pg per deciliter [510.4 nmol per liter] or less) in 14 of the patients, all
of whom had hypoproteinemia. In all 66 patients, including these 14 who had hypo-
proteinemia, the base-line and cosyntropin-stimulated serum free cortisol concentra-
tions were high-normal or elevated.

CONCLUSIONS
During critical illness, glucocorticoid secretion markedly increases, but the increase is
not discernible when only the serum total cortisol concentration is measured. In this
study, nearly 40 percent of critically ill patients with hypoproteinemia had subnormal
serum total cortisol concentrations, even though their adrenal function was normal.
Measuring serum free cortisol concentrations in critically ill patients with hypoproteine-
mia may help prevent the unnecessary use of glucocorticoid therapy.
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ATIENTS WITH CRITICAL ILLN ESSES HAVE

elevated glucocorticoid secretion marked

by an increase in the serum total cortisol con-
centration.! Assays for serum cortisol measure the
total hormone concentration (serum free cortisol
plus the protein-bound fraction of cortisol). The
current consensus is that the free cortisol, rather
than the protein-bound fraction, is responsible for
the physiologic function of the hormone.2-8 Be-
cause more than 90 percent of circulating cortisol
in human serum is bound to proteins (corticoste-
roid-binding globulin and albumin), it is reason-
able to suggest that alterations in the binding pro-
teins could affect measured concentrations of serum
total cortisol2-19 and, thus, the interpretation of tests
used to assess adrenal function. The influence of
other hormones — for example, estrogen — in rais-
ing the concentrations of corticosteroid-binding
globulin and, subsequently, serum total cortisol
without altering the concentration of free hormone
is well established in other settings.®10

In contrast, the effect of decreased amounts of
binding proteins on measured serum total cortisol
concentrations is not commonly appreciated.111
The importance of the fall in serum corticosteroid-
binding globulin on measured serum total cortisol
concentrations was recently recognized in patients
with sepsis,12 those with trauma,12 and those un-
dergoing major surgery.13 These study groups rec-
ommended the use of a calculated correction factor,
the free cortisol index (defined as the serum total
cortisol concentration divided by the serum cortico-
steroid-binding globulin concentration), as a surro-
gate marker that better defines glucocorticoid se-
cretion.12:13 These studies did not measure actual
serum free cortisol concentrations and did not take
into account the effect of hypoalbuminemia, which
often accompanies low serum concentrations of
corticosteroid-binding globulin.

In critical illness, patients are highly stressed,
multiorgan dysfunction and malnutrition may de-
velop, and the concentrations of corticosteroid-
binding globulin and albumin are commonly de-
creased. Therefore, measured serum total cortisol
concentrations can be misleadingly lower than an-
ticipated, resulting in the incorrect conclusion that
adrenal function is impaired. This mistaken conclu-
sion would be particularly important because cur-
rent standards for defining normal adrenal function
are based on healthy persons who have normal con-
centrations of binding proteins.

We evaluated adrenal function by measuring se-

rum total cortisol and free cortisol concentrations
in critically ill patients without known adrenal dys-
function. We postulated that patients with presum-
ably normal adrenal function but decreased cortisol-
binding proteins would have lower-than-expected
concentrations of serum total cortisol but appropri-
ately elevated concentrations of the free hormone.
We also postulated that measurement of serum free
cortisol concentrations would identify patients with
normal or even increased adrenal function, who, on
the basis of low total cortisol concentrations, would
otherwise have been incorrectly considered to have
adrenal insufficiency.

METHODS

PATIENT POPULATION AND STUDY DESIGN

We recruited 66 consecutive critically ill patients
with various illnesses and an Acute Physiology, Age,
and Chronic Health Evaluation (APACHE III)14
score of 15 or higher: 60 patients from medical,
surgical, or cardiac intensive care units and 6 from
general medical wards. Patients were excluded if
they had a history of hypothalamic—pituitary, adre-
nal, or liver disease, if they had taken glucocorti-
coids or estrogen in the preceding year or medica-
tions known to influence glucocorticoid secretion
(e.g., ketoconazole) in the preceding six months,
or if they were pregnant or breast-feeding.

The patients were divided into two groups ac-
cording to their serum albumin concentration at the
time of testing (Table 1). Group 1 was made up of
patients with a serum albumin concentration of
2.5 g per deciliter or lower, and group 2 of patients
with a serum albumin concentration higher than
2.5 g per deciliter. The underlying disease pro-
cesses were similar in the two groups. Of the 36
patients in group 1, 11 had sepsis, 10 had cardio-
vascular disease, 9 had postoperative complications,
and 6 had respiratory distress; of the 30 patients
in group 2, 7 had sepsis, 13 had cardiovascular dis-
ease, 6 had postoperative complications, and 4 had
respiratory distress. The physiological components
of the APACHE III scoring system,4 with scores
for the patients in our study ranging from 15 to 77,
were used to determine the severity of illness, with
higher scores indicating more severe illness. Be-
cause the serum albumin concentration was used
to define the two groups of patients, the severity-
of-illness score was determined with and without
this variable, with similar results.

Similar measurements of base-line and cosyn-
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tropin-stimulated cortisol concentrations were per-
formed in 33 healthy volunteers who were without
known illnesses and were not receiving medica-
tions. Although the healthy volunteers were not in-
dividually matched to the patients, their sex and age
distributions were similar to those of the two groups
of patients. However, the mean age in the healthy
volunteers was lower than that in either group of
patients.

MEASUREMENTS

Published data on normal concentrations of cosyn-
tropin-stimulated serum total cortisol vary, but nor-
mal is generally reported as 18 pg per deciliter (496.6
nmol per liter) or greater.1,11,15-17 Qur laboratory
defines a normal value as 18.5 pg per deciliter
(510 nmol per liter) or greater.15:17

For purposes of comparison, serum total corti-
sol and free cortisol concentrations were measured
during acute illnesses in four patients with previous-
ly documented adrenal insufficiency and in three
with newly diagnosed adrenal insufficiency. In these
seven patients, the serum albumin concentrations at
presentation ranged from 2.7 to 4.6 g per deciliter.

The four patients with previously diagnosed
adrenal insufficiency also had chronic hypopitui-
tarism due to surgically treated pituitary macro-
adenomas. Despite their having been instructed
to increase (at least, double) the physiologic re-
placement dose of hydrocortisone (15 to 25 mg per
day) during periods of stress, these four patients
had not received any glucocorticoids for more than
24 hours when they presented with persistent nau-
sea, fever, and malaise. Two of them had urinary
tract infections, one had pneumonia, and one had
a hip fracture.

Adrenal insufficiency was newly diagnosed in
three patients who had presented with similar symp-
toms that are associated with infection (one had a
urinary tractinfection, one had pneumonia, and one
had gastroenteritis), and the symptoms had failed
to respond to standard treatment with intravenous
fluid and antibiotic therapy. Adrenal insufficiency
in these three patients was due to a corticotropin de-
ficiency (one had a pituitary macroadenoma, one
had ischemic pituitary necrosis, and one had pre-
viously undergone cranial irradiation for a menin-
gioma).

Cosyntropin stimulation tests (with the use of
250 pg of cosyntropin administered intravenously)
were performed in the two groups of patients and
in the healthy volunteers between 2 p.m. and 6 p.m.

N ENGL J MED 350;16  WWW.NEJM.ORG

Serum total cortisol, aldosterone, and free cortisol
concentrations were measured before and 30 and
60 minutes after cosyntropin was administered. The
institutional review board at our hospital approved
the study, and written informed consent was ob-
tained from the healthy volunteers and from the pa-
tients, their legal guardians, or designated health
care proxies.

LABORATORY ANALYSIS

The base-line plasma corticotropin concentration
was measured with the use of immunoradiometric
assay kits (Nichols Institute). The intra-assay and
interassay coefficients of variation, determined at
different ranges of values in the assays were less
than 4.5 percent and less than 5.0 percent, respec-
tively. Measurements of serum total cortisol were
performed with the use of a standard radioimmu-
noassay.1%17 Serum free cortisol concentrations
were measured with the use of equilibrium dialysis
of undiluted serum samples for 18 hours followed

Table 1. Characteristics of Critically Ill Patients and Healthy Volunteers.*
Healthy
Group 1 Group2  Volunteers
Characteristic (N=36) (N=30) (N=33)
Age (yr) 65.2+14.21  66.9+10.97 54.6x16.6
Plasma corticotropin (ng/liter) 38.7+12.9§  37.8+18.8f 24.9+9.8
Corticosteroid-binding globulin 17.7+5.99  21.4+6.8§  26.0+3.8
(mg/liter)
Serum albumin (g/dl) 1.9+0.3§| 3.10.4§ 3.9+0.3
Total serum protein (g/dl) 4.7+0.8(**  6.0+1.0§ 6.8+0.3
Duration of hospitalization before ~ 21.2+16.2%*  6.4+5.6 NA
testing (days)
Severity-of-illness score 41.6+15.8 40.6+21.4 NA
No. died/no. survived 12/24 7/23 NA
Mean blood pressure (mm Hg) 78+9 81+11 82+5

* Patients in group 1 had serum albumin values less than or equal to 2.5 g per
deciliter; those in group 2 had values higher than 2.5 g per deciliter. Severity
of illness was measured by Acute Physiology, Age, and Chronic Health Evalu-
ation (APACHE Il1) scores, which range from 15 to 77, with higher scores in-
dicating more severe illness. Plus—minus values are means +SD. NA denotes
not applicable. Age, corticotropin concentrations, APACHE Ill scores, the ra-
tio of patients who died to those who survived, and mean blood pressures at
the time of testing were similar in the two groups of patients.

i P=0.01 for the comparison with the healthy volunteers.

I To convert the values for plasma corticotropin to picomoles per liter, multiply

by 0.2202.

P<0.001 for the comparison with the healthy volunteers, after Bonferroni’s

correction.

P=0.03 for the comparison with group 2.

P<0.001 for the comparison with group 2.

**P=0.01 for the comparison with group 2.
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A Base-Line Concentration
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Figure 1. Base-Line and Cosyntropin-Stimulated Serum Total Cortisol Concen-
trations in Two Groups of Critically Ill Patients and Healthy Volunteers.

The base-line concentrations (Panel A) and cosyntropin-stimulated concen-
trations (Panel B) were significantly lower in the group with albumin concen-
trations <2.5 g per deciliter than in the group with albumin concentrations
>2.5 g per deciliter. The shaded area represents the mean +2 SD from the
mean in the group of healthy volunteers.

by radioimmunoassay'8:19; the intra-assay and in-
terassay coefficients of variation at various concen-
trations were less than 10 percentand less than 12
percent, respectively. The serum corticosteroid-
binding globulin concentration was measured with
the use of a radioimmunoassay with intra-assay and
interassay coefficients of variation that were less
than 6 percent and less than 9 percent, respectively,
as determined at various concentrations.2° Mea-
surements of serum free cortisol and corticosteroid-
binding globulin concentrations were performed
at the Nichols Institute, San Juan Capistrano, Cali-

1632
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fornia, at the end of the study. Serum aldosterone
concentrations were measured with the use of ra-
dioimmunoassay kits (Diagnostic Products).1” The
intraassay and interassay coefficients of variation,
determined atvarious concentrations, were 4.1 per-
cent and 8.8 percent, respectively.

STATISTICAL ANALYSIS

Data are presented as means +SD. The data from the
two groups of patients and from the controls were
first analyzed with the use of the Kruskal-Wallis
test, as a nonparametric alternative to analysis of
variance. Comparisons between groups were per-
formed with the use of the Wilcoxon rank-sum test
for nonparametric measurements. Categorical data
were compared with the use of the chi-square test
and Fisher’s exact test. Differences were considered
significant when the two-sided P value was less than
0.05. Bonferroni’s correction for multiple compari-
sons was used as appropriate. Linear and quadratic
regressions were fit with the use of standard regres-
sion techniques; regression lines were compared
between groups with the use of analysis of covari-
ance or the mixed-models approach, which allows
for heterogeneity of variance between groups. The
data were analyzed with the use of the SAS and
SPSS statistical programs.

RESULTS

The two groups of patients had similar clinical char-
acteristics except for their serum albumin, total pro-
tein, and corticosteroid-binding globulin concen-
trations and the duration of hospitalization before
testing (Table 1). The base-line serum total cortisol
concentrations measured in the afternoon in the
66 critically ill patients varied widely (range, 5.3 to
54.0 pg per deciliter [146.2 to 1489.9 nmol per liter])
(Fig. 1 and Table 2). Mean base-line serum total cor-
tisol concentrations in the two groups were higher
than the mean value in the group of healthy volun-
teers (Table 2). The base-line serum total cortisol
concentrations were lower in patients with hypopro-
teinemia (group 1) than in those with near-normal
serum protein concentrations (group 2).

Likewise, cosyntropin-stimulated serum total
cortisol concentrations were lower in patients with
hypoproteinemia than in the patients with near-nor-
mal serum protein concentrations or the normal
volunteers (Fig. 1). The base-line serum total corti-
sol concentrations were lower than 15 pg per deci-
liter (413.8 nmol per liter) in 4 of the 30 patients
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Patients and Healthy Volunteers.*

Table 2. Base-Line and Cosyntropin-Stimulated Serum Total Cortisol and Free Cortisol Concentrations in Critically Ill

Variable

Total cortisol

Base line (ug/dl)
Range
Median

After cosyntropin stimulation (ug/dl)
Range
Median

Subjects with a maximal response <18.5 ug per deciliter
after cosyntropin stimulation —
no./total no. (%)

Free cortisol

Base line (ug/dl)
Range
Median

After cosyntropin stimulation (ug/dl)
Range
Median

As a percentage of total cortisol
At base line
After cosyntropin stimulation

Group 1 Group 2 Healthy Volunteers
(N=36) (N=30) (N=33)
15.8+7.475§ 22.6+8.97% 8.64.2
5.3-35.4 9.6-54.0 3.8-23.7
13.3 21.5 7.9
23.4+9.509 34.4+10.3| 27.845.3
10.0-50.2 20.0-59.8 19.1-43.3
21.2 31.6 27.2
14/36 (39)7§ 0/30 0/33
5.1+4. 14 5.2+3.5¢1% 0.6+0.3
1.3-12.8 1.5-13.0 0.2-14
4.0 4.7 0.6
9.3+6.37§%* 10.1£5.97% 2.8+0.7
3.1-29.4 4.0-29.1 1.9-4.5
8.6 9.2 2.7
22.6+10.27% 8.0+2.1
29.5+11.27% 10.1£2.0

* Patients in group 1 had serum albumin values less than or equal to 2.5 g per deciliter; those in group 2 had values higher
than 2.5 g per deciliter. Plus—minus values are means +SD. Values after cosyntropin-stimulation testing are the highest
concentrations at 30 and 60 minutes. To convert the values for serum total cortisol and free cortisol to nanomoles per

liter, multiply by 27.59.
i P<0.001 for the comparison with the healthy volunteers.

P<0.001 for the comparison with group 2.

P=0.006 for the comparison with the healthy volunteers.
P=0.005 for the comparison with the healthy volunteers.

** P not significant for the comparison with group 2.

71P=0.02 for the comparison with group 2.

11:P=0.07 for the comparison with group 2.

—_ae - —

i The comparison was significant after Bonferroni’s correction.

with near-normal serum protein concentrations and
in 21 of the 36 patients with hypoproteinemia. The
base-line percentage of free cortisol in all 66 pa-
tients taken together was nearly three times as high
as that in healthy volunteers.

Mineralocorticoid secretion was normal in both
patient groups. Base-line and cosyntropin-stimulat-
ed serum aldosterone concentrations were similar
in group 1, group 2, and the controls (base-line
concentration, 10.7+18.5, 12.7+13.6, and 9.2£6.9
ng per deciliter [296.8+£513.2, 352.3+377.3, and
255.2+191.4 pmol per liter], respectively; cosyn-
tropin-stimulated concentration, 21.5+20.1, 23.0+
26.5, and 26.4+7.6 ng per deciliter [596.4+557.6,
638.0+735.1, and 732.3+210.8 pmol per liter], re-
spectively).

As shown in Tables 2 and 3, “subnormal” co-

syntropin-stimulated serum total cortisol concen-
trations (less than 18.5 pg per deciliter [510.4 nmol
per liter]) were measured in 14 patients, all of whom
had hypoproteinemia. The findings in these 14 pa-
tients were compared with findings in the remain-
ing 52 patients who were considered to have nor-
mal responses (18.5 pg per deciliter or more). The
two patient groups had similar clinical characteris-
tics as well as similar base-line and cosyntropin-
stimulated serum free cortisol concentrations (base
line, 4.6£1.3 vs. 5.2+3.6 pg per deciliter [126.9435.9
and 143.52£99.3 nmol per liter]; cosyntropin-stim-
ulated, 8.943.3 vs. 9.3+6.0 pg per deciliter [245.6+
91.0 and 256.6+165.5 nmol per liter]). These levels
were several times as high as the respective values
in controls (Fig. 2 and Tables 2 and 3). All 14 pa-
tients with subnormal total cortisol responses (less
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Table 3. Clinical Characteristics of Critically Ill Patients According to
Cosyntropin-Stimulated Serum Total Cortisol Concentrations.*

Clinical Characteristic

(N=14) (N=52)

Serum total cortisol (ug/dl)

At base line 11.5+3.6 19.2+8.7 <0.001

After cosyntropin stimulation 15.4+2.7 30.2+9.2 <0.001
Serum free cortisol (ug/dl)

At base line 4.6+1.3 5.2+£3.6 0.07

After cosyntropin stimulation 8.9+3.3 9.3+6.0 0.08
Free cortisol as a percentage of total

cortisol (%)
At base line 42.2+12.0 26.3+12.1 0.009

After cosyntropin stimulation

Serum aldosterone (ng/dl)
At base line
After cosyntropin stimulation

Plasma corticotropin (ng/liter) 42.1+12.3 34.9£15.4 0.19
Serum albumin (g/dl) 1.7+0.2 2.60.7 <0.001
Corticosteroid-binding globulin 16.7+4.8 19.8+6.7 0.03
Severity-of-illness score 44.3+18.1 41.5£21.2 0.41
Duration of illness (days) 24.8+10.1 6.9+13.0 0.007
No. of deaths/total no. of patients 6/14 13/52 0.59

Cosyntropin-Stimulated
Serum Total Cortisol P Value

<18.5 ug/dl  =18.5 pg/dI

54.3+18.1 30.1+14.1 0.004

11.8+13.6 11.6+16.6 0.11
21.5+18.9 22.6+32 0.13

s

* Cosyntropin-stimulated serum total cortisol concentrations =18.5 pg per deci-

liter were defined as normal, and those <18.5 pig per deciliter were defined as
subnormal. Plus—minus values are means +SD. To convert serum cortisol and
free cortisol values to nanomoles per liter, multiply by 27.59. To convert serum
aldosterone values to picomoles per liter, multiply by 27.74. To convert plasma
corticotropin values to picomoles per liter, multiply by 0.2202.

1634

than 18.5 pg per deciliter) had cosyntropin-stimu-
lated serum free cortisol concentrations (minimum,
3.1 pg per deciliter [85.5 nmol per liter]) that were
higher than the mean value in the controls (2.8 pg
per deciliter [77.3 nmol per liter]).

Of these 14 patients, 6 were reevaluated 6 to 10
weeks after hospital discharge, at which point their
serum albumin concentrations had normalized.
The cosyntropin-stimulated serum total cortisol
concentrations had normalized (21 to 32 pg per
deciliter [537.4 to 882.8 nmol per liter]) and were
higher than the values obtained when the patients
had been critically ill (11.0 to 16.7 pg per deciliter
[303.5 to 460.8 nmol per liter]). However, the co-
syntropin-stimulated serum free cortisol concentra-
tions in these patients were high (3.2 to 10.1 pg per
deciliter [88.3 to 278.7 nmol per liter]) during crit-
ical illness and were in the high-normal range (2.6
to 4.2 ug per deciliter [71.7 to 115.9 nmol per liter])
after recovery.

The base-line and cosyntropin-stimulated serum
total cortisol concentrations in the 19 patients who
died (18.7£9.8 and 29.9+11.3 pg per deciliter
[515.9+270.4 and 824.9+311.8 nmol per liter], re-
spectively) were similar to those in the 47 patients
who survived (18.9+8.5 and 28.1+10.8 pg per deci-
liter [521.5+234.5 and 775.3£298 nmol per liter],
respectively). The findings were similar for base-line
and cosyntropin-stimulated serum free cortisol con-
centrations (5.8+3.7 and 10.5+6.1 pg per deciliter
[160.0£102.1 and 289.7+168.3 nmol per liter], re-
spectively, in the group of patients who died and
5.0£3.5 and 9.245.5 pg per deciliter [138.0+£96.6
and 253.8+151.7 nmol per liter], respectively, in
those who survived).

A comparison of the 18 patients who had sepsis
with the 48 patients who had other illnesses showed
similar concentrations of serum albumin (2.4+0.7
and 2.5+0.9 g per deciliter), base-line serum total
cortisol (18.2+10.0 and 19.0£10.5 pg per deciliter
[502.1+275.9 and 524.2+289.7 nmol per liter]),
base-line free cortisol (4.6+2.9 pg per deciliter and
5.2+3.0 pg per deciliter [126.9+£80.0 and 143.5£82.8
nmol per liter]), cosyntropin-stimulated serum total
cortisol (26.9£11.0 and 28.0£10.7 pg per deciliter
[742.1+303.5 and 772.5£295.2 nmol per liter]),
and free cortisol (8.6£5.0 and 9.4+5.5 pg per deci-
liter [237.3+£138.0 and 259.3+151.7 nmol per liter],
respectively). The seven patients with adrenal in-
sufficiency had low or low-normal base-line total
cortisol concentrations (0.2 to 5.8 pg per deciliter
[5.5 to 160.0 nmol per liter]) as well as low free cor-
tisol concentrations (0.1 to 0.56 pg per deciliter [2.8
to 15.5 nmol per liter]). The three patients with new-
ly diagnosed adrenal insufficiency had subnormal
concentrations of cosyntropin-stimulated serum to-
tal cortisol (10, 12, and 15 pg per deciliter [275.9,
331.1, and 413.9 nmol per liter]) and free cortisol
(0.89, 1.1, and 1.3 pg per deciliter [24.6, 30.3, and
35.9 nmol per liter]).

The base-line serum total cortisol concentrations
in the healthy volunteers were correlated with the se-
rum concentrations of free cortisol (Fig. 3) (r=0.85,
P<0.001) and serum corticosteroid-binding globu-
lin (r=0.59, P<0.001), but not with the serum albu-
min concentrations. Base-line serum total cortisol
concentrations in the two patient groups were cor-
related with the serum free cortisol concentrations
(Fig. 3). In contrast to the findings in healthy volun-
teers, the base-line serum total cortisol concen-
trations in the patients in both groups were not
correlated with the serum corticosteroid-binding

N ENGL J MED 350;16 WWW.NEJM.ORG APRIL 15, 2004

Downloaded from www.nejm.org on November 29, 2009 . For personal use only. No other uses without permission.

Copyright © 2004 Massachusetts Medical Society. All rights reserved.



SERUM FREE CORTISOL IN CRITICALLY ILL PATIENTS

globulin concentrations but were instead correlat-
ed with serum albumin concentrations (r=0.50,
P=0.003). Only four patients with an albumin con-
centration of 2.5 g per deciliter or less received glu-
cocorticoid therapy after testing, and none of the
four had clinically significant hemodynamic im-
provement. Thus, glucocorticoid therapy was dis-
continued in these patients.

DISCUSSION

These data show that critically ill patients have an
activated pituitary—adrenal axis characterized by el-
evated plasma corticotropin concentrations and an
increase by a factor of 7 to 10 in serum free cortisol
concentrations, but only a doubling or tripling of se-
rum total cortisol concentrations. This observation
was not diagnosis-specific, and the hypercortisol-
ism persisted in patients with prolonged severe ill-
nesses.

Our data also suggest that measuring base-line
or corticotropin-stimulated serum total cortisol con-
centrations in critically ill patients with hypopro-
teinemia (defined as a serum albumin concentration
lower than 2.5 g per deciliter can be misleading, if
the criteria for adrenal insufficiency are based on
concentrations in healthy subjects with normal con-
centrations of serum-binding proteins. In contrast,
base-line and cosyntropin-stimulated serum free
cortisol concentrations in critically ill patients with
hypoproteinemia do not differ significantly from
those in patients with near-normal serum albumin
concentrations.

It is important to attempt to define a normal
adrenocorticosteroid response in critically ill pa-
tients. Despite a large increase in glucocorticoid se-
cretion, some critically ill patients can have relative
adrenal insufficiency, with elevated cortisol concen-
trations that are insufficient to control the inflam-
matory response.21-23 Tissue-specific resistance to
corticosteroids has also been postulated. Annane
and colleagues?3:24 reported that in patients with
catecholamine-dependent septic shock, the failure
of total serum cortisol concentrations to increase by
more than 9 pg per deciliter (248.3 g per liter) above
base line after cosyntropin stimulation could be
used to identify those with relative adrenal insuffi-
ciency whose risk of death was reduced after one
week of intravenous hydrocortisone treatment.23,24

Itis unknown whether these findings are unique
to patients with septic shock, who might also have
glucocorticoid resistance, or whether relative adre-
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Figure 2. Base-Line Serum Free Cortisol and Cosyntropin-Stimulated
Serum Free Cortisol Concentrations in Two Groups of Critically Il Patients

The base-line concentrations (Panel A) and cosyntropin-stimulated concen-
trations (Panel B) did not differ significantly between the two patient groups.
However, the concentrations in the two patient groups were higher than the
values in normal subjects. The shaded area represents the mean +2 SD from

nal insufficiency might be seen in other critical ill-
nesses.25 Serum concentrations of free cortisol were
not measured in these studies, and no albumin
concentrations were reported. It is likely that se-
rum free cortisol concentrations, as compared with
serum total cortisol concentrations, offer a better
reflection of activation of the hypothalamic—pitu-
itary—adrenal axis in critically ill patients with hy-
poproteinemia. Whether serum free cortisol con-
centrations are correlated better with outcomes
such as death remains speculative.

APRIL 15, 2004

1635

Downloaded from www.nejm.org on November 29, 2009 . For personal use only. No other uses without permission.
Copyright © 2004 Massachusetts Medical Society. All rights reserved.



1636

The NEW ENGLAND JOURNAL of MEDICINE

Free Cortisol (ug/dl)

L Patients with
154 albumin <2.5 g/dI
y=0.4315x-1.7202

R2=0.62

Patients with
albumin >2.5 g/dI
y=0.2958x-1.4655
R2=0.59

Healthy volunteers
y=0.0461x+0.2132

Total Cortisol (ug/dl)

30 45 60

and in 33 Healthy Volunteers (Diamonds).

Figure 3. Scatter Plots and Regression Lines of Base-Line Serum Total Cortisol and Free Cortisol Concentrations in 66
Critically Ill Patients with Serum Albumin Concentrations <2.5 g per Deciliter (Squares) or >2.5 g per Deciliter (Triangles)

Both linear regression and quadratic regression were performed. Although the quadratic regression did not fit signifi-
cantly better (P<0.05) than a linear regression in either group of patients or in the healthy volunteers, the difference was
of borderline significance (P=0.07) for patients with serum albumin concentrations <2.5 g per deciliter. In an analysis
of covariance, the regression lines for the two groups of patients differed significantly (P=0.005), and those for both
groups of patients differed significantly from that for the healthy volunteers (P<0.001). The latter comparison was made
with the use of a mixed-model approach, which allows for unequal variances in the groups being compared.

Other factors, in addition to marked stress and
variation in concentrations of binding proteins, can
potentially influence the “normal” concentrations
of serum total cortisol or free cortisol during criti-
calillness. Such factors include possible tissue-spe-
cific resistance to corticosteroids, which can vary
according to the illness.25-28 Qur data suggest that
the cosyntropin-stimulated serum total cortisol and
free cortisol concentrations are higher in critically
ill patients than in healthy volunteers. Accordingly,
itis important to define normal serum total cortisol
concentrations in critically ill patients. Many believe
that a threshold value of 15 pg per deciliter (413.9
nmol per liter) best identifies critically ill patients
with adrenal insufficiency.® Although this may be
true for patients with normal concentrations of
binding proteins, the threshold may be lower in
those with severe hypoproteinemia, in which case
measurements of serum free cortisol concentrations
are more valuable.

Other than the present data and reports based

N ENGL J MED 350;16  WWW.NEJM.ORG

on a few patients,® no published studies have deter-
mined normal serum free cortisol concentrations
during critical illness. Given these limitations, an
attempt to define normal values during various crit-
icalillnesses would be premature. In highly stressed,
critically ill patients, base-line serum free cortisol
concentrations would be expected to exceed cosyn-
tropin-stimulated concentrations in normal, un-
stressed subjects (1.9 pg per deciliter [52.4 nmol
per liter] or higher). We therefore recommend that
a base-line serum free cortisol concentration of
2.0 pg per deciliter (55.2 nmol per liter) be consid-
ered as a threshold that identifies patients at risk for
adrenal insufficiency during critical illness. Further
testing (for example, measurement after cosyn-
tropin stimulation) may be necessary in critically ill
patients with lower concentrations. Since the co-
syntropin-stimulated serum free cortisol concen-
trations in the critically ill patients in our study were
3.1 pg per deciliter (85.3 nmol per liter) or higher,
we recommend that this value be used to define
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normal cosyntropin-stimulated serum free cortisol
concentrations in critically ill patients until addi-
tional data from studies of larger numbers of pa-
tients become available.

Until serum free cortisol measurements become
widely available, the use of serum total cortisol con-
centrations would seem reasonable. Obviously, clin-
icaljudgment must be exercised in deciding whether
to administer glucocorticoids to critically ill patients
both before and after serum total cortisol or free
cortisol concentrations are available, even in the
case of patients with apparently normal values. This
decision would be clinically important in treating
patients with hypotension or those who do not have
a response to volume or pressor therapy. Such pa-
tients, particularly those with septic shock, are at
risk for relative adrenal insufficiency and might ben-
efit from therapy with exogenous glucocorticoids,
as was recently demonstrated.23 Thus, instead of
long-term therapy, the administration of glucocor-
ticoids should be limited to only a few days in se-
lected patients.

Corticosteroid-binding globulin has a low capac-
ity and a high affinity for binding cortisol, whereas
albumin has a high capacity and a low affinity for
binding cortisol.2:6-9:29 In humans and at physio-
logic concentrations, corticosteroid-binding glob-
ulin can bind up to 25 pg of circulating cortisol per
deciliter (689.8 nmol per liter). As corticosteroid-
binding globulin becomes saturated, a larger pro-
portion of circulating serum-bound cortisol will be
bound to albumin. A steady reduction in the per-
centage of bound cortisol was noted when albumin
concentrations in isolated albumin solutions or in
plasmawere reduced to less than 2.0 g per deciliter.®

REFERENCES

Our data on the correlation between serum free
cortisol and total cortisol concentrations are con-
sistent with this concept. The fact that measured
concentrations of serum total cortisol can be mis-
leadingly low only when hypoproteinemia is severe
is also consistent with this concept. Earlier studies
showed that corticosteroid-binding globulin activ-
ity is decreased in certain types of stress, such as
shock due to bacterial or fungal infection or septic
shock, major burns, and recent abdominal or tho-
racic surgery.30-38 The decrease in binding activity
was attributed, by some, to a reduction in the con-
centration of corticosteroid-binding globulin —and
perhaps also to the presence of factors that inhibit
binding or to structural changes in corticosteroid-
binding globulin, leading to an increased dissocia-
tion from cortisol.1,29-38

In summary, our study indicates that severe hy-
poproteinemia results in lower-than-expected con-
centrations of serum total cortisol in 39 percent of
critically ill patients. Nevertheless, serum free corti-
sol concentrations are consistently elevated, sug-
gesting a substantial increase in glucocorticoid
secretion in such patients. Caution should be ex-
ercised in interpreting base-line and cosyntropin-
stimulated serum total cortisol values in critically

ill patients with hypoproteinemia.

Supported in part by a grant (MO1RR000080) to the Clinical Re-
search Center of Case Western Reserve University from the National
Center for Research Resources.

Presented in part at the 82nd meeting of the Endocrine Society,
Toronto, June 21-24, 2000.

We are indebted to the staff and nurses at the Clinical Research
Center and Intensive Care Units at the University Hospitals of Cleve-
land for their help in completing the study, to Dr. Mark Schluchter
for help with the statistical analysis of the data, and to Drs. E. Ismail-
Beigi and S. Genuth for reviewing the manuscript.

1. Cooper MS, Stewart PM. Corticosteroid ed from total cortisol and corticosteroid- of protein concentration. Biochem Pharma-
insufficiency in acutely ill patients. N EnglJ  binding globulin. J Steroid Biochem 1987;  col 1981;30:727-33.

Med 2003;348:727-34. 26:197-202.

10. Chetkowski RJ, Meldrum DR, Steingold

2. Brien TG. Human corticosteroid bind- 6. KeanePM, Pearson]J, Walker WH. Bind- KA, etal. Biologic effects of transdermal es-

ing globulin. Clin Endocrinol (Oxf) 1981;
14:193-212.

3. OgawaKk, Sueda K, Matsui N. The effect
of cortisol, progesterone, and transcortin
on phytohemagglutinin-stimulated human
blood mononuclear cells and their interplay.
J Clin Endocrinol Metab 1983;56:121-6.

4. Smith JB, Nolan G, Jubiz W. The rela-
tionship between unbound and total corti-
sol: its usefulness in detecting CBG abnor-
malities. Clin Chim Acta 1980;108:435-45.
5. Coolens]J, Baelen HV, Heyns W. Clinical
use of unbound plasma cortisol as calculat-

N ENGL J MED 350;16  WWW.NEJM.ORG

Downloaded from www.nejm.org on November 29, 2009 . For personal use only. No other uses without permission.

ing characteristics of transcortin in human
plasma in normal individuals, pregnancy and
liver disease. ] Endocrinol 1969;43:571-9.

7. Mills IH. Transport and metabolism of
steroids. Br Med Bull 1962;18:127-33.

8. Dunn J, Nisula BC, Rodbard D. Trans-
port of steroid hormones: binding of 21 en-
dogenous steroids to both testosterone-
binding globulin and corticosteroid-binding
globulin in human plasma. J Clin Endocrinol
Metab 1981;53:58-68.

9. Mueller UW, Potter JM. Binding of corti-
sol to human albumin and serum: the effect

tradiol. N Engl] Med 1986;314:1615-20.

11. Grinspoon SK, Biller BMK. Laboratory
assessment of adrenal insufficiency. J Clin
Endocrinol Metab 1994;79:923-31.

12. Beishuizen A, Thijs LG, Vermes I. Pat-
terns of corticosteroid-binding globulin and
the free cortisol index during septic shock
and multitrauma. Intensive Care Med 2001;
27:1584-91.

13. le Roux CW, Chapman GA, Kong WM,
Dhillo WS, Jones J, Alaghband-ZadehJ. Free
cortisol index is better than serum total cor-
tisol in determining hypothalamic-pituitary-

APRIL 15, 2004

Copyright © 2004 Massachusetts Medical Society. All rights reserved.

1637



SERUM FREE CORTISOL IN CRITICALLY ILL PATIENTS

adrenal status in patients undergoing sur-
gery. J Clin Endocrinol Metab 2003;88:
2045-8.

14. Knaus WA, Wagner DP, Draper EA, etal.
The APACHE III prognostic system: risk
prediction of hospital mortality for critically
ill hospitalized adults. Chest 1991;100:
1619-36.

15. Nasrallah MP, Arafah BM. The value of
dehyroepiandrosterone sulfate measure-
ments in the assessment of adrenal function.
J Clin Endocrinol Metab 2003;88:5293-8.
16. Oelkers W. Adrenal insufficiency. N Engl
J Med 1996;335:1206-12.

17. Arafah BM, Gordon NH, Salazar R,
Douglas JG. Modulation of tissue respon-
siveness to angiotensin II in hyperprolactine-
mic subjects. J Clin Endocrinol Metab 1990;
71:60-6.

18. Ekins RP. Free hormone in blood. In: Al-
bertini P, Ekins RP, eds. Monoclonal anti-
bodies and developments in immunoassays.
Amsterdam: Elsevier, 1982:73-90.

19. Geiseler D, Ritter M. On the validity of
free hormone measurements. Anal Biochem
1983;132:174-82.

20. Rosner W, Polimeni S, Khan MS. Radio-
immunoassay for human corticosteroid-
binding globulin. Clin Chem 1983;29:1389-
91.

21. Kidess Al, Caplan RH, Reynertson RH,
Wickus GG, Goodnough DE. Transient cor-
ticotropin deficiency in critical illness. Mayo
Clin Proc 1993;68:435-41.

22. Lamberts SWJ, Bruining HA, de Jong
FH. Corticosteroid therapy in severe illness.
N EnglJ Med 1997;337:1285-92.

23. Annane D, Sebille V, Charpentier C, et
al. Effect of treatment with low doses of hy-

drocortisone and fludrocortisone on mor-
tality in patients with septic shock. JAMA
2002;288:862-71.

24. Annane D, Sebille V, Troche G, Raphael
JC, Gajdos P, Bellissant E. A 3-level prognos-
tic classification in septic shock based on
cortisol levels and cortisol response to corti-
cotropin. JAMA 2000;283:1038-45.

25. Molijn GJ, Spek JJ, van Uffelen JC, et al.
Differential adaptation of glucocorticoid
sensitivity of peripheral blood mononucle-
ar leukocytes in patients with sepsis or sep-
tic shock. J Clin Endocrinol Metab 1995;80:
1799-803.

26. Chrousos GP. The hypothalamic—pitu-
itary—adrenal axis and immune-mediated in-
flammation. N EnglJ Med 1995;332:1351-62.
27. Franchimont D, Martens H, Hagelstein
MT, et al. Tumor necrosis factor alpha de-
creases, and interleukin-10 increases, the
sensitivity of human monocytes to dexa-
methasone: potential regulation of the glu-
cocorticoid receptor. J Clin Endocrinol
Metab 1999;84:2834-9.

28. Cooper MS, Bujalska I, Rabbitt E, et al.
Modulation of the 1183-hydroxysteroid de-
hydrogenase isozymes by proinflammatory
cytokines in osteoblasts: an autocrine switch
from glucocorticoid inactivation to activa-
tion. ] Bone Miner Res 2001;16:1037-44.
29. BaxterJD, Roussean GC, eds. Glucocor-
ticoid hormone action. Vol. 12 of Mono-
graphs on endocrinology. Berlin, Germany:
Springer-Verlag, 1979:25-31.

30. Savu L, Zouaghi H, Carli A, Nunez EA.
Serum depletion of corticosteroid binding
activities, an early marker of human septic
shock. Biochem Biophys Res Commun
1981;102:411-9.

31. Zouaghi H, Savu L, Delorme J, Klein-
knecht D, Nunez EA. Loss of serum transcor-
tin in human shock associated with severe
infection by Candida albicans. Acta Endo-
crinol (Copenh) 1983;102:277-83.

32. Hamanaka Y, Manabe H, Tanaka H,
Monden Y, Uozumi T, Matsumoto K. Effects
of surgery on plasma levels of cortisol, corti-
costerone and non-protein-bound-cortisol.
Acta Endocrinol (Copenh) 1970;64:439-51.
33. KehletH, Binder C, Engbaek C. Cortisol
binding capacity in plasma during anaesthe-
sia and surgery Acta Endocrinol (Copenh)
1974;75:119-24.

34. BernierJ, Jobin N, Emptoz-Bonneton A,
Pugeat MM, Garrel DR. Decreased cortico-
steroid-binding globulin in burn patients:
relationship with interleukin-6 and fat in
nutritional support. Crit Care Med 1998;26:
452-60.

35. Pugeat M, Bonneton A, Perrot D, et al.
Decreased immunoreactivity and binding
activity of corticosteroid-binding globulin
in serum in septic shock. Clin Chem 1989;
35:1675-9.

36. Garrel DR. Corticosteroid-binding glob-
ulin during inflammation and burn injury:
nutritional modulation and clinical implica-
tions. Horm Res 1996;45:245-51.

37. Pemberton PA, Stein PE, Pepys MB, Pot-
ter JM, Carrell RW. Hormone binding globu-
lins undergo serpin conformational change
in inflammation. Nature 1988;336:257-8.
38. Taylor KM, Bain WH, Jones JV, Walker
MS. The effect of hemodilution on plasma
levels of cortisol and free cortisol. J Thorac
Cardiovasc Surg 1976;72:57-61.

Copyright © 2004 Massachusetts Medical Society.

POWERPOINT SLIDES OF JOURNAL FIGURES

At the Journal’'s Web site, subscribers can automatically create PowerPoint slides of
Journal figures. Click on a figure in the full-text version of any article at www.nejm.org,
and then click on PowerPoint Slide for Teaching. A PowerPoint slide containing the
image, with its title and reference citation, can then be downloaded and saved.

1638 N ENGL J MED 350;16 WWW.NEJM.ORG APRIL 15, 2004

Downloaded from www.nejm.org on November 29, 2009 . For personal use only. No other uses without permission.
Copyright © 2004 Massachusetts Medical Society. All rights reserved.



