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CLINICAL RESEARCH ARTICLE
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Context: Patients with adrenal insufficiency require increased hydrocortisone cover
during major stress to avoid a life-threatening adrenal crisis. However, current treatment
recommendations are not evidence-based.

Objective: To identify the most appropriate mode of hydrocortisone delivery in patients with
adrenal insufficiency who are exposed to major stress.

Design and Participants: Cross-sectional study: 122 unstressed healthy subjects and 288
subjects exposed to different stressors (major trauma [N = 83], sepsis [N = 100], and combat
stress [N = 105]). Longitudinal study: 22 patients with preserved adrenal function undergoing
elective surgery. Pharmacokinetic study: 10 patients with primary adrenal insufficiency
undergoing administration of 200 mg hydrocortisone over 24 hours in 4 different delivery
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modes (continuous intravenous infusion; 6-hourly oral, intramuscular or intravenous bolus
administration).

Main Outcome Measure: We measured total serum cortisol and cortisone, free serum cortisol,
and urinary glucocorticoid metabolite excretion by mass spectrometry. Linear pharmacokinetic
modeling was used to determine the most appropriate mode and dose of hydrocortisone
administration in patients with adrenal insufficiency exposed to major stress.

Results: Serum cortisol was increased in all stress conditions, with the highest values observed
in surgery and sepsis. Continuous intravenous hydrocortisone was the only administration
mode persistently achieving median cortisol concentrations in the range observed during major
stress. Linear pharmacokinetic modeling identified continuous intravenous infusion of 200 mg
hydrocortisone over 24 hours, preceded by an initial bolus of 50-100 mg hydrocortisone, as best
suited for maintaining cortisol concentrations in the required range.

Conclusions: Continuous intravenous hydrocortisone infusion should be favored over
intermittent bolus administration in the prevention and treatment of adrenal crisis during
major stress. (J Clin Endocrinol Metab 105: 2262-2274, 2020)

Key Words: stress, surgery, hydrocortisone, cortisol, glucocorticoids, mass spectrometry

he activation of the hypothalamic-pituitary-adrenal
Taxis in response to stressful stimuli elicits increased
glucocorticoid output aimed at restoring homeostasis.
Cortisol is the major glucocorticoid produced by the
human adrenal glands and is a key component of the
physiological stress response (1).

Adrenal insufficiency is caused by failure of the ad-
renal cortex to produce cortisol, which can be caused by
loss of function of the adrenal itself or its hypothalamic-
pituitary regulatory center or, most commonly, long-term
exogenous glucocorticoid treatment for other condi-
tions. Patients with adrenal insufficiency are unable
to produce adequate amounts of cortisol in response
to stress and, therefore, require increased hydrocor-
tisone replacement doses to avoid life-threatening ad-
renal crisis during surgery, trauma, or severe infection
(2—-4). Prevention of adrenal crisis is challenging (5, 6)
and studies investigating the optimal dose and mode of
steroid cover during major stress are lacking. Currently,
administered hydrocortisone doses are chosen empiric-
ally rather than based on evidence. There is considerable
variability in recommended administration modes, total
doses, and dosing intervals (7). The lack of evidence-
based recommendations for dose and mode of gluco-
corticoid replacement in major stress sends a confusing
message to healthcare staff, which regularly exposes pa-
tients to harm (8).

This study was designed to determine the most ap-
propriate hydrocortisone dose and delivery mode for
patients with adrenal insufficiency during major stress.
We employed tandem mass spectrometry to measure
glucocorticoid concentrations in subjects with preserved
adrenal function exposed to various conditions of stress
and compared them to concentrations achieved after

administration of stress dose hydrocortisone by a range
of currently used delivery modes in patients with ad-
renal insufficiency.

Materials and Methods

Study design, participants, and procedures

Three clinical studies were undertaken (Fig. 1), with patient
demographics and outcome measures summarized in Table 1.

First, in a cross-sectional study, we measured circulating
glucocorticoid concentrations in 122 healthy, nonstressed con-
trols and 288 subjects with distinct and defined states of stress
at the time of blood sampling. These conditions of stress in-
cluded: 105 otherwise healthy subjects under combat stress
(blood samples taken within 4 weeks of their deployment
to the Afghanistan conflict) (9); 83 prospectively recruited
subjects with acute major trauma (estimated new injury se-
verity score [NISS] > 15 (10); blood samples taken within 24
hours of acute injury, excluding brain injury); and 100 con-
secutively recruited patients with sepsis (blood samples col-
lected within 24 hours of fulfilling the criteria for sepsis (11) in
the intensive care unit setting). At the time of sampling, none
of the subjects had an established diagnosis of adrenal insuf-
ficiency or were receiving treatment with glucocorticoids or
other medications with a major impact on steroid synthesis
or metabolism.

Second, we prospectively recruited 22 patients with normal
adrenal function who underwent repeated longitudinal serum
sample collection over a 24-hour period whilst undergoing
elective surgery with general anesthesia (Supplementary
Table 1) (12). Blood samples were drawn at the following time
points: 0 (= knife-to-skin, KTS), 0.5, 1, 2, 3, 4, 5, 6, 12, and
24 hours.

Third, we undertook a randomized, open-label study in 10
patients with an established diagnosis of primary adrenal in-
sufficiency and on stable steroid replacement therapy for at
least 6 months (Supplementary Table 2) (12). All patients at-
tended the clinical research facility for a 24-hour study period
on 4 occasions separated by at least 1 week. On each study
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a These patients were also asked to collect 24-hour urines for the measurement of urinary glucocorticoid excretion.

Figure 1. Summary of the studies performed. Assessment of the circulating and urinary glucocorticoid concentrations in response to different
stress conditions and to stress dose hydrocortisone administration. Abbreviations: IM, intramuscular injection; IVI, intravenous injection; CIV,

continuous intravenous infusion.

day, they were admitted at 8:00 AM after an overnight fast and
last intake of their regular steroid replacement at 12:00 pm
the preceding day; standardized meals were served at 10:00
AM, 2:00 PM, and 6:00 Pm. On each of the study days, subjects
received 200 mg hydrocortisone over 24 hours administered
by 1 of 4 different administration modes: oral tablets (ORAL;
50 mg at 9:00 am, 3:00 pm, 9:00 pm, and 3:00 AM); intramus-
cular bolus injection (IM; 50 mg at 9:00 am, 3:00 M, 9:00 PMm,
and 3:00 am); intravenous bolus injection (IVI; 50 mg at 9:00
AM, 3:00 M, 9:00 pMm, and 3:00 AM); continuous intravenous
infusion (CIV) of 200 mg hydrocortisone over 24 hours (di-
luted in 50 ml glucose 5% and administered via perfusor at a
rate of 4 ml/hour). The 4 different administration modes were
administered to each patient in random order (Supplementary
Table 2) (12). Blood sampling was carried out every 30 min-
utes from 9:00-11:00 am, 3:00-5:00 pm, 9:00-11:00 pm, and
3:00-5:00 aMm, and otherwise in hourly intervals throughout
the 24-hour study period.

Ethics approval

All study participants provided written informed consent
prior to inclusion and all study procedures underwent ethics
committee approval prior to recruitment (combat stress: MOD

REC 116/Gen/10; major trauma: NRES Committee South
West—Frenchay 11/SW/0177; sepsis: Comité de Protection
des Personnes de Saint-Germain-en-Laye—COITTSS trial
NCT00320099; elective surgery and adrenal insufficiency:
South Birmingham REC Ref 07/H1207/22).

Glucocorticoid measurements

Serum concentrations of total cortisol and its inactive me-
tabolite cortisone were measured by liquid chromatography-
tandem mass spectrometry (LC-MS/MS) as previously
described (13). For measurement of serum free cortisol con-
centrations, the unbound cortisol fraction was separated by
temperature-controlled ultrafiltration, centrifuged in pre-
conditioned ultrafiltration devices and then measured with
LC-MS/MS, as previously described (14). Measurement of
24-hour urinary glucocorticoid excretion was carried out by
gas chromatography/mass spectrometry, as previously de-
scribed (15). For further details on the mass spectrometry ana-
lysis, see Supplemental Methods (12).

Statistical analysis
Medians with 5™ to 95™ percentile ranges and inter-
quartile ranges were calculated for continuous variables.
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Table 1. Clinical characteristics of study participants and sampling regimen.
Number of Number of Age, Median
Cohort Subjects Females (%) (Range) Years Time of Collection
Serum total cortisol/cortisone
Healthy controls 122 58 (47.5%) 29 (20-69) Between 9:00 and 11:00 am (single time
point)
Subjects under 105 0 27 (19-47) Between 6:00 and 9:00 am (single time
combat stress point)
Patients with major 83 9(10.8%) 28 (18-85) Within 24 hours of admission for major
trauma ® trauma (single time point)
Patients with sepsis 100 30 (30%) 71(28-101) Within 24 hours of fulfilling the criteria
of sepsis (single time point)
Patients undergoing 22 14 (63.6%) 49 (21-60) 24-hour profile from knife-to-skin
elective surgery onwards
Patients with primary 10 8 (80%) 56 (40-64) 24-hour profile from 9:00 to 9:00 Am
adrenal insufficiency
Serum free cortisol
Patients with major 18 4(22.2%) 35 (19-75) Within 3 days of admission (single time
trauma ® point)
Patients with sepsis 17 1(5.9%) 63 (31-101) Within 24 hours of fulfilling the criteria
of sepsis (single time point)
Patients undergoing 21 13(61.9%) 49 (21-60) At knife-to-skin and 4 hours after the
elective surgery initiation of surgery
Patients with primary 10 8 (80%) 56 (40-64) Two time points (T, and T__.) ¢
adrenal insufficiency
24-hour urine glucocorticoid excretion
Healthy controls 122 58 (47.5%) 29 (20-69) During the day and night preceding the
serum sample collection
Patients with major 23 3(13.0%) 41 (20-78) Within 3 days of admission (24-hour
trauma ? collection)
Patients undergoing 21 13 (61.9%) 49 (21-60) 24-hour collection from knife-to-skin
elective surgery onwards
Patients with primary 10 8 (80%) 56 (40-64) 24-hour collection from 9:00 to 9:00 am

adrenal insufficiency

All patients underwent measurements of serum total cortisol and cortisone. A subgroup of patients provided samples to measure serum free cortisol

and urinary glucocorticoids.

PAll patients underwent measurements of serum total cortisol and cortisone. All but 1 patient provided samples to measure serum free cortisol and

urinary glucocorticoids.

“Blood was collected at T, : time when the minimum serum total cortisol levels were observed after hydrocortisone administration; and T, time

min*®

when the maximum serum total cortisol levels were observed after hydrocortisone administration.

The area under the concentration-time curve (area under
a curve [AUC]) was calculated by means of trapezoidal
integration. Serum cortisol concentrations between the
various groups were compared by Kruskal-Wallis and
Mann-Whitney U tests. The level of significance was set at
P < 0.05. Statistical analyses were performed by SPSS 178
21.0 for Windows (SPSS, Inc., Chicago, IL) and MATLAB
(Mathworks, Natick, MA).

Pharmacokinetic modeling analysis

The serum cortisol time course response ¢(¢) was modeled
relative to intravenous hydrocortisone via linear pharmaco-
kinetics, % = —kc+q, c(0) = Q, where k is clearance rate,
Q is initial response (representing intravenous bolus [IVI] de-
livery), and q is the rate of continuous intravenous (CIV) de-
livery of hydrocortisone. This model has the exact solution,
c(t) = Qe ™ + ¢ (1 — e7) . Intravenous bolus 50 mg data
over 6-12 hours was used to fit the parameters k and O (with
g = 0) using a mixed-effects model implemented in MATLAB
(Mathworks, Natick, MA) and the function nlmefit. This ap-
proach enabled the estimation of population average (fixed

effects) and between-patient heterogeneity (random effects).
Responses to other modes of administration were predicted by
plotting model solutions with appropriately modified param-
eters ¢ and Q; for example IVI 100 mg was modeled by taking
Q =2Qand g = 0; CIV 200 mg per 24 hours was modeled by
taking ¢ = Q/6 and Q = 0.

Results

Glucocorticoid concentrations in different
conditions of stress

Serum total cortisol concentrations were highest and
most variable in patients with sepsis, followed by pa-
tients undergoing elective surgery with general anes-
thesia, patients with combat stress, and patients with
acute major trauma (Fig. 2A). Pairwise comparisons
showed significant differences between unstressed con-
trols versus all stressed groups, except for patients with
major trauma.
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Figure 2. Circulating glucocorticoids during major stress. Serum concentrations of total cortisol (nmol/L) (a), total cortisone (nmol/L) (b), and
cortisol (F)/cortisone (E) ratio (c) in healthy controls (N = 122), during combat stress (N = 105), during elective surgery (N = 22), after major trauma
(N =83), and during sepsis (N = 100). In the patients undergoing elective surgery, the maximum serum cortisol levels (and corresponding serum

cortisone levels) were used for the calculations. Panel d: reports serum free cortisol concentrations in nmol/L in healthy controls (N
elective surgery at knife-to-skin (KTS,

=11), during
N =21), and 4 hours after the start of the operation (N = 21), after major trauma (N = 18), and during sepsis

(N =17). Panel e: reports the 24-hour urinary excretion of cortisol, cortisol metabolites, cortisone, and cortisone metabolites in healthy controls
(N = 122), following elective surgery (N = 21) and after major trauma (N = 23). Boxes show median and interquartile range, whiskers are 5t to 95"

percentile. Symbols: n.s., P> 0.05; *,

P <0.05; **, P<0.01; ***, P <0.001.
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When analyzing the inactive cortisol metabolite cor-
tisone, pairwise comparisons to levels observed in un-
stressed controls showed significantly higher serum
cortisone in combat stress, while circulating cortisone
was significantly lower in elective surgery and sepsis pa-
tients; serum cortisone concentrations in patients after
major trauma did not differ from unstressed controls
(Fig. 2B). The serum cortisol/cortisone ratio showed a
significant increase, favoring active cortisol in all stress
conditions, with the highest increase in sepsis (Fig. 2C).

Free serum cortisol concentrations were higher than
in unstressed controls in all stressed groups, with the
highest concentrations observed in sepsis (Fig. 2D).

Twenty-four-hour urinary excretion of cortisol, cor-
tisone, and their major metabolites was significantly in-
creased in major trauma, while glucocorticoid excretion
in patients undergoing elective surgery did not signifi-
cantly differ from unstressed controls (Fig. 2E).

Glucocorticoid dynamics during elective surgery

We analyzed—separately—the circulating gluco-
corticoid concentrations in patients undergoing surgeries
of a short duration (median duration 60 minutes, range
25-85 minutes; n = 11) from those who underwent a
longer-lasting surgery (median duration 175 minutes,
range 100-295 minutes; n = 11). In both groups, serum
cortisol decreased within an hour of induction of anes-
thesia, followed by a gradual increase. In the group with
a shorter surgery, maximum serum cortisol concentra-
tions (C__ )
post-KTS, while in the group with a surgery of a longer
duration, C_, were observed after a median of 5 hours
post-KTS (Table 2 and Supplementary Fig. 1) (12), ie,
during the wake-up phase after general anesthesia.

After reaching C__ ,
sone concentrations gradually decreased back to the
presurgical baseline levels in the patients with a short
duration surgery, while circulating glucocorticoid con-
centrations remained increased in the group with
longer-lasting surgery (Supplementary Fig. 1) (12). The
serum cortisol/cortisone ratio followed a similar pat-
tern, with no difference between the 2 groups after 24
hours (Supplementary Fig. 1) (12).

were observed after a median of 3 hours

both serum cortisol and corti-

Pharmacokinetics of stress dose hydrocortisone in
patients with primary adrenal insufficiency

After the administration of bolus hydrocortisone,
C,... were achieved after a median time of 30 minutes
(ORAL and IVI) or 60 minutes (IM), followed by a de-
crease to minimum concentrations (C_. ) after a median
time of 360 minutes, ie, before the administration of
the next 6-hourly dose (Fig. 3A-3C and Table 2). By

contrast, CIV administration of hydrocortisone led to

https://academic.oup.com/jcem 2267

serum cortisol concentrations persistently within the
same range from around 2 hours after the commence-
ment of infusion, without distinct peak and trough
concentrations after the achievement of steady state
(Fig. 3D). Serum cortisone concentrations remained
stable throughout, with no notable differences between
the 4 hydrocortisone delivery modes (Supplementary
Fig. 2) (12).

For all 4 hydrocortisone administration regimens,
serum free cortisol concentrationsat T (ie,whenC___
were observed) were significantly higher than those ob-
served in patients exposed to different stress conditions,
except for sepsis, where free cortisol tended to be higher
(Supplementary Fig. 3A) (12). Free cortisol during CIV
at T . (ie, when C_. were observed) was significantly
higher than in surgical patients at KTS and 4 hours into
surgery, and after acute trauma, but significantly lower
than in sepsis (Supplementary Fig. 3A) (12). Free cor-
tisol concentrations at T . of the other hydrocortisone
administration protocols were significantly lower than
in sepsis but did not differ from those observed during
other stress conditions.

The pattern of 24-hour urinary glucocorticoid me-
tabolite excretion was similar in patients receiving
hydrocortisone in the IM, IV, and CIV administration
modes while after oral hydrocortisone administration,
urine cortisol excretion was lower but cortisol metab-
olite excretion was higher (Supplementary Fig. 3B)
(12), indicative of a first-pass effect with rapid metab-
olism of cortisol to downstream tetrahydro-metabolites
in the liver. Glucocorticoid metabolite excretion after
exogenous hydrocortisone administration
bled the pattern observed in major trauma, while pa-
tients with elective surgery and unstressed controls
had a much higher proportion of cortisone metabolites
(Supplementary Fig. 3B) (12).

resem-

Serum cortisol after hydrocortisone administration
versus serum cortisol during elective surgery
Serum cortisol concentrations observed in the 10 pa-
tients with primary adrenal insufficiency after hydrocor-
tisone administration were plotted against the cortisol
response of patients undergoing surgery of longer
(N = 11; Fig. 4A-4D) and shorter duration (N =11;
Fig. 4E-4H). Initial peak cortisol concentrations after
hydrocortisone administration in the primary adrenal
insufficiency patients exceeded the concentrations ob-
served during elective surgery in patients with preserved
adrenal function. However, median cortisol concentra-
tions after ORAL, IM, and IVI hydrocortisone admin-
istration decreased to trough levels below the median
observed in patients undergoing longer-lasting surgery
several hours before the scheduled repeat administration
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Figure 3. Serum total cortisol following hydrocortisone administration. Serum total cortisol (nmol/L) in 10 patients with adrenal insufficiency after
hydrocortisone administered ORAL, IM, as VI, and as CIV. Data are presented as median (black line) and range (shaded grey area).

of bolus hydrocortisone (Fig. 4A-4C). By contrast, CIV
hydrocortisone administration persistently maintained
serum cortisol concentrations above the median of con-
centrations observed in patients undergoing elective sur-
gery (Fig. 4D).

Serum cortisone concentrations in primary adrenal
insufficiency and surgical patients showed a similar
pattern; again, only CIV hydrocortisone adminis-
tration achieved concentrations consistently above
those observed in subjects undergoing elective surgery
(Supplementary Fig. 4) (12).

Linear pharmacokinetic modeling of stress dose
hydrocortisone administration

Next, we used the pharmacokinetic data obtained in
the primary adrenal insufficiency patients undergoing
exogenous hydrocortisone administration to model the
most appropriate dose and mode of hydrocortisone de-
livery for raising cortisol concentrations quickly and
sustain concentrations within the desired range, defined

as above the median observed during elective longer-
lasting surgery. Fitting to IVI, serum total cortisol con-
centrations yielded parameter estimates for the fixed
effect (average) of initial response QO =1347 nmol/L
(SE 70nmol/L) and clearance rate k=0.27 h' (SE
0.016 h'!). Random effect variances were calculated as
(158 nmol/L)* and approximately 0, respectively.

Fig. SA depicts the 5 and 95" percentile range
modeled on the serum cortisol concentrations observed
after IV bolus injection of 50 mg hydrocortisone dose;
Fig. 5B shows the predicted 24-hour serum cortisol
concentrations. The model and fitted parameters were
used to predict the serum cortisol responses to 3 alter-
native modes: 100 mg hydrocortisone IV bolus injec-
tion (Fig. 5C and 5D) and initial 50 mg (Fig. SE) and
initial 100 mg (Fig. SF) IV bolus injections, both fol-
lowed by CIV infusion of 200 mg per 24-hour hydro-
cortisone. Modeling of these 2 regimens predicted that
both would achieve the serum cortisol concentration
range observed for longer-lasting elective surgery, with
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Figure 4. Comparison of serum total cortisol during elective surgery of longer duration and following hydrocortisone administration. Serum total
cortisol concentrations (nmol/L) in 10 patients with adrenal insufficiency after the administration of 50 mg hydrocortisone over 6 hours (black

line: median, whiskers: range) in 4 different modes (ORAL, IM or VI, or as CIV) projected onto serum cortisol concentrations observed in patients
undergoing elective surgery (panels a-d, serum cortisol in 11 patients undergoing elective surgery of longer duration [red line: median; red shaded
area: range]; panels e-h, serum cortisol in 11 patients undergoing elective surgery of shorter duration [blue line: median; blue shaded area: range])
from time point knife-to-skin (KTS; 0 hours) to 6 hours post-KTS. All measurements were carried out by tandem mass spectrometry.
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Figure 5. Linear pharmacokinetic modeling of stress dose hydrocortisone administration. Mixed effects linear pharmacokinetic modeling of serum
cortisol in response to intravenous hydrocortisone administration modes. Serum cortisol concentrations are presented in nmol/L; the black lines
show the fixed effect (central tendency) kinetics, the shaded gray area indicates 90% of between-patient variability. Panels a and b: show cortisol
measurements (circles) following 50 mg IV bolus injection and the fitted model over 6 and 24 hours, respectively. The pharmacokinetic modeling
was also used to predict the serum cortisol response to 100 mg IV bolus injection over 6 and 24 hours (panels ¢ and d, respectively), as well as
initial 50 mg (panel e) and 100 mg (panel f) IV bolus injections followed by CIV infusion of 200 mg per 24-hour hydrocortisone.

a near-instantaneous initial increase in serum cortisol
concentration.

Discussion

Patients with adrenal insufficiency are unable to mount
a cortisol response to counteract a stressful event and,
therefore, their regular replacement dose needs to be

increased during major stress to avoid adrenal crisis
(16). Nevertheless, no consensus exists regarding the
optimal dose and hydrocortisone delivery mode during
major stress, and current recommendations are empir-
ical rather than evidence-based (7, 17). This study is the
first systematic dose-response study comparing the cor-
tisol dynamics after the administration of stress doses
of hydrocortisone in patients with adrenal insufficiency
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to the acute cortisol response induced by surgery and
other conditions of major stress. Our aim was to define
the most clinically appropriate but still practically feas-
ible regimen of hydrocortisone administration during
major stress in patients with adrenal insufficiency based
on state-of-the-art tandem mass spectrometry meas-
urements of circulating glucocorticoids. We found that
continuous intravenous hydrocortisone was the only
delivery mode that steadily maintained circulating cor-
tisol in the range observed during major stress, while
intermittet bolus administration of hydrocortisone re-
sulted in frequent troughs with lower concentrations,
thereby potentially exposing patients with adrenal in-
sufficiency to periods of under-replacement, and hence
the possibility of adrenal crisis, a life-threatening com-
plication of cortisol deficiency.

In line with previously reported findings (18-20),
we documented that serum total cortisol concentra-
tions in all examined conditions of psychological and
physical stress were increased above those observed in
healthy, unstressed controls. The only exception was
major trauma, with relatively lower total serum cortisol
concentrations but increased serum free cortisol and
24-hour urinary cortisol, likely explained by the impact
of blood loss in these patients.

Consistent with our previous systematic review
and meta-analysis of the cortisol response to surgery
(20), we observed an initial decrease in serum cortisol
during elective surgery, which is likely to be linked to
the induction of anesthesia. We observed higher cor-
tisol concentrations during longer-lasting surgeries,
using reference standard tandem mass spectrometry for
serum glucocorticoid analysis. This was also observed
in a recent study in 93 patients undergoing elective sur-
gery (21), with serum cortisol measurements carried out
by immunoassay. In a previous meta-analysis of studies
investigating the serum cortisol response to surgery (20)
we did not find an impact of the duration of surgery on
peri- and postoperative serum cortisol concentrations,
likely explained by the heterogeneity of the studies in-
cluded, which were also limited by the near exclusive
use of immunoassays and lack of measurement of free
cortisol.

Linear pharmacokinetic modeling of stress dose
hydrocortisone administration modes and doses com-
bined with mixed effects regression identified con-
tinuous intravenous infusion of 200 mg hydrocortisone
over 24 hours as the most appropriate replacement
regiment in patients with adrenal insufficiency exposed
to major stress. Modeling indicated that this should
be preceded by a one-off initial intravenous bolus of
50-100 mg hydrocortisone to rapidly increase serum

J Clin Endocrinol Metab, July 2020, 105(7):2262-2274

cortisol and shorten the time to steady state. We found
that continuous intravenous hydrocortisone infusion
was the only delivery mode to maintain cortisol concen-
trations persistently in the range observed during major
stress, including longer-lasting surgery. This regimen did
not result in significant peaks and troughs in circulating
cortisol, which were observed with the 3 hydrocorti-
sone bolus administration modes (ORAL, IM, and IVI).
Significant troughs potentially expose patients with ad-
renal insufficiency to under-replacement and the risk of
life-threatening adrenal crisis, while supraphysiologic
peaks might come with adverse side effects, as previ-
ously shown in the context of sepsis with an increased
rate of hyperglycemic episodes (22).

A major strength of the present study is the use of
reference standard tandem mass spectrometry for the
measurement of circulating glucocorticoid concentra-
tions, with all samples measured contemporaneously
and with the same assay. Traditional immunoassays are
associated with considerable interassay variation and
potential cross-reactivity with other steroids, which
may lead to over- and underestimations of true levels
in critically ill patients with stress-induced stimulation
of the hypothalamic-pituitary-adrenal axis (23, 24).
We also used mass spectrometry for the direct meas-
urement of serum free cortisol, an important strength
in comparison to studies who only employed indirect
calculation of serum free cortisol utilizing cortisol-
binding globulin, which is often inaccurate in the con-
text of acute surgery and critical illness (20, 25, 26).
Our previous systematic review and meta-analysis (20)
only identified 2 studies measuring perioperative gluco-
corticoids by tandem mass spectrometry (27, 28) and 2
studies directly measuring serum free cortisol in patients
undergoing surgery (28, 29).

One of the limitations of the present study is that
while serum cortisol was measured during elective sur-
gery repeatedly over a 24-hour period, concentrations
for the other stress conditions were measured at a single
time point only. In the acute phase, sepsis causes a surge
of circulating cortisol to persistently raised concen-
trations (18). Though we observed the highest serum
cortisol concentrations in sepsis, it is unlikely that
hydrocortisone doses higher than 200 mg per 24 hours
would be required to cover patients with adrenal insuf-
ficiency in that situation, as critical illness results in a
decrease in cortisol inactivation (30). Moreover, in the
context of patients with sepsis but normal adrenal func-
tion prior to illness, an increase from hydrocortisone
200 mg per 24 hours to 300 mg per 24 hours did not
impact morbidity or mortality (31). In the present study,
we did not assess the dynamics of cortisol metabolism
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during surgery and major stress. The previously re-
ported reduced cortisol clearance during critical illness
(30) may affect the requirements of hydrocortisone in
patients with adrenal insufficiency and should be taken
into consideration when interpreting our findings. A re-
cent study reported that 100 mg hydrocortisone per 24
hours might be sufficient, though this was based on data
collected in mostly secondary Al patients with likely re-
sidual cortisol biosynthetic capacity, with measurements
carried out by immunoassays (32). Another limitation
of our study is that the surgical group comprised mostly
patients undergoing moderately invasive procedures.
Thus, we cannot exclude that more invasive and longer-
lasting surgeries could yield even higher serum cortisol
concentrations. However, maximum cortisol concen-
trations were usually observed after the end of surgery
in our patients, likely coinciding with the withdrawal
of general anesthesia, although more invasive surgeries
will be undertaken with the appropriately anesthesia
and pain control regimens, thus not necessarily eliciting
a higher cortisol response. We could not analyze the dif-
ferential effects of the 4 different hydrocortisone regi-
mens on mineralocorticoid activity in the context of our
study; however, as 50 mg hydrocortisone are equivalent
to 250 pg fludrocortisone (33), it is safe to assume that
all 4 administration modes of 200 mg hydrocortisone
per 24 hours will deliver more than sufficient mineralo-
corticoid activity.

In conclusion, our data provide evidence that hydro-
cortisone stress dose cover during surgery, trauma,
and major illness in patients with adrenal insufficiency
should be provided by continuous intravenous infusion
of 200 mg hydrocortisone over 24 hours, following the
administration of an initial intravenous hydrocortisone
bolus of 50-100 mg.

The required duration of such stress dose cover is an
important consideration and data on circulating cortisol
concentrations beyond 2 days after the onset of major
physical stress are scarce (20). However, a recently pub-
lished study has followed patients with major trauma
from injury to 6 months after recovery, describing in-
creased urinary cortisol metabolite excretion for up to
8 weeks after trauma and increased cortisol reactivation
by 11p-hydroxysteroid dehydrogenase type 1 peaking at
2 weeks after severe injury and normalizing by 8 weeks
(34). In essence, the ability to taper back to normal re-
placement doses will depend on whether significant sys-
temic inflammation is still present, if the patient is still
looked after in the intensive care unit setting, and is nil
by mouth. With regard to elective surgery, the Endocrine
Society’s US primary adrenal insufficiency guidelines
(17) and the recent UK guidelines for the perioperative
management of glucocorticoid replacement in adrenal

https://academic.oup.com/jcem 2273

insufficiency (35) recommend that high-dose gluco-
corticoid replacement should be tapered back to the
routine maintenance dose within 48 hours, extending
this to up to a week if surgery is more major or com-
plicated, with clinical judgement used to guide this pro-
cess. Both guideline groups had access to the results of
this study, which in both instances resulted in expert
consensus to recommend continuous intravenous infu-
sion as the preferred administration mode for hydrocor-
tisone during major stress (17, 35).
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