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ABSTRACT: Low endogenous cortisol levels appear to contribute to the pathophysio-
logy of nocturnal asthma. Lower cortisol levels are associated with lower forced
expiratory volume in one second (FEV1) levels in children with asthma. The aim of the
present study was to identify whether substitution of low serum cortisol with intravenous
hydrocortisone decreases 24-h FEV1 variation and/or indirect measures of airway
inflammation.

Hydrocortisone was given over 24 h in a double-blind randomised crossover design
to 26 subjects. FEV1 was measured every 4 h during 24 h; blood eosinophils and
airway responsiveness to methacholine and adenosine 59-monophosphate (AMP) were
measured at 04:00 h and 16:00 h.

Cortisol levels increased during the night and morning hours. FEV1 values were
higher at all time points in children with nocturnal asthma (n=10; 24-h FEV1 variation
o15%) which was significant at 08:00 h, unlike in the non-nocturnal asthma (NA-)
group (n=16). Numbers of eosinophils (109?L-1) at 04:00 h decreased in the asthma
group (median 0.61 (range 0.05–1.42) versus 0.52 (0.05–1.79)). Provocative dose
causing a 20% fall in FEV1 (PD20) methacholine did not change, whereas PD20 AMP
improved only at 16:00 h in the NA- group (72.0 (0.13–144.0) versus 144.0 (2.25–
144.0) mg?mL-1).

These results show that substitution of lower endogenous 24-h values of cortisol
contribute to higher forced expiratory volume in one second values and a decrease of
blood eosinophils as an inflammatory marker in more severe airway obstruction.
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The pathogenesis of nocturnal symptoms in children and
adults with asthma is still not fully understood despite several
proposed pathogenic mechanisms [1–10]. Nocturnal symp-
toms result from an overnight increase in airflow limitation. A
number of studies have indicated that this enhanced airflow
limitation may be due to increased airway inflammation
particularly at night, as shown by a higher number of inter-
stitial eosinophils in transbronchial biopsies [2], or indirectly
measured as increased blood eosinophils and urinary
Nt-methylhistamine overnight [7]. Other studies in children,
as well as in adults, with asthma have shown an increase in
airway responsiveness overnight [11, 12]. In contrast, some of
the current authors9 previous studies [6, 13] have elucidated
that inflammation is increased both during the day and the
night. This subsequently leads to increased airflow limitation
at night by a lack of bronchodilating forces.

Another factor suggested to contribute to increased airway
inflammation is a lower serum cortisol level in asthmatic
patients compared with healthy individuals [14–16]. Epide-
miological studies in adults with asthma support this
hypothesis. SPARROW et al. [17] showed lower levels of
serum cortisol to be associated with lower forced expiratory
volume in one second (FEV1) values and a more rapid decline
in lung function. KAUFFMANN et al. [18] recently suggested
that low endogenous cortisol is a possible risk factor for
nocturnal symptoms of asthma. In order to establish the role
of serum cortisol in the nocturnal fall in FEV1 in children
with asthma, the present authors found in the first part of this
study that lower cortisol levels are indeed associated with a

lower level of FEV1 [19]. To substantiate this hypothesis of a
role for cortisol in nocturnal asthma, the present authors have
assessed whether substitution of low serum cortisol levels with
intravenous hydrocortisone (HC) would lead to a decrease of
the 24-h FEV1 variation, and/or improvement of inflamma-
tory parameters during the night. Therefore, in a double-
blind, randomised, crossover study, low-dose HC was infused
intravenously over a 24-h period. The change in FEV1 was
measured at six time points during these 24 h and blood
eosinophil numbers and airway responsiveness to methacho-
line and adenosine 59-monophosphate (AMP) was measured
at 04:00 and 16:00 h.

Methods

Subjects with asthma

Twenty-six children with stable asthma, aged 7–16 yrs, with
a history of episodic wheezing, allergy and airway respon-
siveness to histamine (provocative concentration causing a
20% fall in FEV1 (PD20) f8 mg?mL-1 histamine) were studied
[19]. All patients entered the study after they had stopped
their inhaled corticosteroids for 2 weeks, and their long-acting
b2-agonists for 5 days before the onset of the study. Short-
acting b2-agonists were withheld 8 h before the study. No oral
corticosteroids were used for o2 months before the study.

Informed consent was obtained from all children and their
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parents. The study was approved by the Medical Ethical
Committee of the University Hospital of Groningen.

Study design

Saline (as a placebo) or HC (30 mg?m body surface
area-2?24 h-1) was intravenously administered in a rando-
mised, double-blind, crossover design. Measurements under
saline or HC infusions were separated by 1 week. The
pharmacist who prepared the different solutions also per-
formed the randomisation procedure.

At day 1, children arrived at the hospital at 19.30 h and
remained until 17:00 h the next day. An intravenous line was
placed for taking blood samples. Blood samples were
obtained before FEV1 measurements at 20:00, 00:00, 04:00,
08:00, 12:00 and 16:00 h. PD20 methacholine and circulating
eosinophils were measured at 04:00 and 16:00 h. At day 3, the
AMP provocation was performed at 16:00 and 04:00h. The
children received the same intravenous solution at day 1 and
day 3.

The group of asthmatic children with an FEV1 variation
o15% (highest–lowest/mean FEV1 % predicted) was defined
to have nocturnal asthma (NAz); those with an FEV1 varia-
tionv15% were defined as having no nocturnal asthma (NA-).

Measurements

The measurements of serum cortisol, blood eosinophil
numbers, FEV1 values and the inhalation-provocation tests
have been described in the current authors9 earlier paper [19].
For the inhalation-provocation test, doubling concentrations
of 0.15–39.3 mg?mL-1 methacholinebromideor 0.04–160 mg?mL-1

AMP were used after inhalation of 0.9% sodium chloride
solution.

Baseline FEV1 values have been measured under saline.
Because of the double-blind randomised design approxi-
mately one-half of the patients received the intravenous HC in
the first week.

Statistical analysis

Normal distribution was checked visually by probability
plots of the residuals and tested formally using Kolmogorov-
Smirnov. Differences between groups (NAz and NA-) were
tested using parametric or nonparametric tests as appropriate.
Within-group differences in FEV1 % pred (at six time points)
under HC substitution (HCz) and placebo (HC-) were tested
using paired t-tests, and differences in eosinophil counts (at
04:00h and 16:00h), PD20 methacholine and PD20 AMP
responsiveness (at 04:00h and 16:00h) were tested using the
Wilcoxon Signed Ranks tests. A p-value v0.05 was consid-
ered significant. Data are presented as median (range) or
mean¡SD.

Results

Subjects

Patient characteristics are summarised in table 1. Twenty-
six children with asthma were included in the study. Ten
children had nocturnal asthma (NAz) with a 24-h FEV1

variation o15% (25.3% (15.9–45.4%)). Sixteen children had
no nocturnal asthma (24-h FEV1 variation v15% (NA-)).
Their FEV1 variation was 8.9% (5.1–14.9%). FEV1 % pred

over a 24-h period was significantly different between the
NAz and NA- group (86.7¡10.1 versus 91.3¡10.9). Eosino-
phil counts at 16:00 h and 04:00 h did not differ significantly
between the NAz and the NA- group at baseline (16:00 h:
0.65 (0.01–1.56) versus 0.39 (0.05–0.77); 04:00 h: 0.79
(0.05–1.42) versus 0.60 (0.08–0.90)).

The effect of hydrocortisone infusion on serum cortisol
levels

Administration of intravenous HC significantly increased
serum cortisol levels, when compared with values obtained
during the saline day at 00:00, 04:00, 08:00 and 12:00 h. Only
the 16:00 h values with and without HC (HCz and HC-,
respectively) infusion were in the same range (HC- versus
HCz: 243¡126 versus 367¡133 nmol?L-1) (fig. 1).

The effect of hydrocortisone infusion on forced
expiratory volume in one second values

In the NAz group, intravenous HCz infusion was
consistently associated with higher FEV1 values at all time
points compared with the HC- period. The FEV1 was

Table 1. – Patient characteristics

NAz NA-

Subjects n (male) 10 (6) 16 (9)
Age yrs 13.1¡1.4 13.0¡2.2
FEV1 % pred 86.7¡10.1* 91.3¡10.9*
FEV1 % pred 04:00 h 80.8¡14.7 89.9¡11.7
FEV1 % pred 16:00 h 90.1¡10.6 92.7¡11.2
Eosinophils 04:00 h 109?L-1 0.79 (0.05–1.42) 0.60 (0.08–0.90)
Eosinophils 16:00 h 109?L-1 0.65 (0.01–1.56) 0.39 (0.05–0.77)
Atopy % 100 100

Data are presented as mean¡SD or median (range) unless
otherwise stated. FEV1: forced expiratory volume in one
second; NAz: children with nocturnal asthma defined as a
24-h FEV1 variation o15%; NA-: children without nocturnal
asthma defined as a 24-h FEV1 variation v15%. *: pv0.05.
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Fig. 1. – Mean¡SEM level of serum cortisol at six different time points
with (—) and without (..........) hydrocortisone infusion in the asthma
group. *: pv0.05.
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significantly higher at 08:00 h (p=0.02, fig. 2), and tended to
be higher at 00:00, 04:00 and 16:00 h (p=0.08, 0.08 and 0.07,
respectively). No significant effect of intravenous HCz on
FEV1 values was seen in the NA- group (fig. 3).

The effect of hydrocortisone infusion on eosinophils

In the whole asthma group, numbers of eosinophils (109?L-1)
were significantly lower after infusion of HC at 04:00 h (0.61
(0.05–1.42) versus 0.52 (0.05–1.79); pv0.05). No significant
differences in eosinophil numbers were observed in the separate
NAzand NA- group, although at 04:00 h the decrease almost
reached significance in both groups (table 2).

The effect of hydrocortisone infusion on airway
hyperresponsiveness

PD20 methacholine values did not differ between the
measurements without and with HC at both time points in
the asthma group as a whole. Values at 04:00 h without and
with HC were 2.14 (0.0–8.75) and 1.6 (0.0–35.3) mg?mL-1,
respectively. Values at 16:00 h were 2.0 (0.0–34.8) and 1.8
(0.2–33.1) mg?mL-1, respectively. No significant differences in
airway hyperresponsiveness with substitution of HC were
seen between the NAz and NA- groups (fig. 4).

PD20 AMP values did not differ significantly between the
measurements without and with hydrocortisone at 04:00 and
16:00 h in the whole asthma group. In the NA- group, a
significant increase in PD20 AMP with HC substitution at
16:00 h occurred (72.0 (0.13–144.0) versus 144.0 (2.25–144.0)
mg?mL-1, respectively, pv0.05; table 2). One of the children in
the NAzand four of the children in the NA- did not respond
to the highest AMP concentration, neither with saline, nor
after substitution of HC (fig. 4).

Discussion

This study in asthmatic children was designed to identify
whether substitution of low endogenous serum cortisol levels
with intravenous HC would lead to improvement of the 24-h
FEV1 variation and/or improvement of (nocturnal) inflam-
matory parameters. Infusion of HC resulted in a significant
increase in cortisol levels in all asthmatic children during the
night and morning hours. This resulted in higher FEV1 values
at all time points in the children with nocturnal asthma,
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Fig. 2. – Mean¡SEM forced expiratory volume in one second (FEV1)
% predicted at six different time points with hydrocortisone infusion
(HCz; —) and without (HC-; ..........) in the nocturnal asthma group
(NAz). *: pv0.05 HCz versus HC- at 08.00 h.
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Fig. 3. – Mean¡SEM forced expiratory volume in one second (FEV1)
% predicted at six different time points with hydrocortisone infusion
(HCz; —) and without (HC-; ..........) in the non-nocturnal asthma
group (NA-).

Table 2. – Eosinophils, provocative dose causing a 20% fall in forced expiratory volume in one second (PD20), adenosine
59-monophosphate (AMP) and PD20 methacholine in asthmatic children with (NAz) and without (NA-) nocturnal asthma, with
and without hydrocortisone substitution (HCz and HC-, respectively)

NAz NA-

HC- HCz HC- HCz

Eosinophils 109?L-1

04:00 h 0.79 (0.05–1.42) 0.55 (0.06–1.79) 0.60 (0.08–0.90) 0.48 (0.05–0.83)
16:00 h 0.65 (0.01–1.56) 0.41 (0.04–1.70) 0.39 (0.05–0.77) 0.32 (0.07–0.73)

PD20 AMP mg?mL-1

04:00 h 13.50 (0.0–126.0) 14.60 (0.0–72.0) 48.40 (0.3–139.5) 98.40 (0.2–135.0)
16:00 h 36.00 (0.0–144.0) 45.00 (0.56–132.8) 72.00 (0.1–144.0)* 144.00 (2.3–144.0)*

PD20 methacholine mg?mL-1

04:00 h 1.01 (0.00–8.8) 0.34 (0.0–35.3) 2.14 (0.2–8.75) 2.14 (0.2–35.3)
16:00 h 1.47 (0.00–8.3) 1.01 (0.2–33.1) 3.00 (0.3–34.8) 2.97 (0.2–33.1)

Data are expressed as median (range). *: pv0.05 HC- versus HCz.
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defined by a 24-h FEV1 variation o15%. This phenomenon
was not seen in the non-nocturnal asthma group. Further-
more, the number of blood eosinophils decreased significantly
after infusion of HC at 04:00 h for the asthma group as a
whole. The current study found no significant effect of
intravenous HCz on the severity of airway hyperresponsive-
ness, measured with methacholine and AMP, neither at
04:00 h nor at 16:00 h, apart from a significant improvement
in PD20 AMP at 16:00 h in the NA- group.

The effect of HC on lung function has, to date, only been
studied in adult patients with asthma [5, 14, 20–22]. The
results of these older studies are conflicting, most likely due to
methodological flaws. ELLUL-MICALLEF and FENECH [20]
showed that in 10 steroid-naive asthmatic adults admitted to
the hospital with poor lung function values (FEV1 36–73%
pred), a single intravenous injection of 40 mg prednisolone
phosphate resulted in a consistent improvement in FEV1. The
peak effect occurred at 8 h after the injection and changes
were still significant after 30 h. However, this was an open
and uncontrolled study and the improvement may well have
been due to the hospital admission itself. In an earlier study,
the current authors have shown that hospital admission of
asthmatic children without any other medical intervention
resulted in improvement of their nocturnal lung function
values [12]. SOUTAR et al. [14] tried to prevent the nocturnal
fall in peak expiratory flow (PEF) by intravenous HC infusion
in six adult asthmatics. Early morning asthma and the
nocturnal fall in PEF persisted in five of these patients.

RAMSDELL et al. [21] studied nine asymptomatic untreated
asthmatic adults who received either a single dose of
8 mg?kg-1 HC or saline as a placebo, in a double-blind
crossover format. FEV1 was measured every 15 minutes in
the first hour, then every 30 min up to 6 h. They showed a
linear trend of improvement in FEV1 with HC. More
recently, BEAM et al. [23] studied the effect of a supraphysio-
logical dose of intravenously administered HC in 11 adult
patients with nocturnal worsening of their asthma. Despite
the fact that nine of these 11 patients were maintained on
daytime prednisone therapy, they still demonstrated improve-
ment in their overnight decrement in FEV1, varying from
23–66%. Contrary to the previously described studies, the
present authors have studied asthmatic children with lung
functions within the normal range in both the nocturnal and
non-nocturnal group. In the present study, an intervention
dose of 30 mg?m-2 body surface was chosen. Converted to an
oral prednisone dose this approximates a total dose of
7.5 mg?24 h-1. The current authors aimed to administer a
dose that was sufficiently high to abolish the physiological
nocturnal decrease in endogenous cortisone. The results
indicate that this indeed leads to higher FEV1 values at all
time points in the group with nocturnal asthma. Together
with the previous observation that asthmatic children have
lower FEV1 values and cortisol levels than healthy children,
this signifies the importance of cortisol in the pathophysiology
of asthma. The underlying mechanism of this effect is not
fully clear. It is possible that the supranormal blood levels of
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Fig. 4. – Bronchial responsiveness to methacholine (a and c) and adenosine 59-monophosphate (AMP; b and d). Individual provocative dose
causing a 20% fall in forced expiratory volume in one second (PD20) methacholine and AMP values at 04:00 (a and b) and 16.00 h (c and d)
with hydrocortisone infusion (HCz) and without (HC-) in the nocturnal ($) and non-nocturnal asthma group (#).
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cortisol reached by HC treatment mainly causes decreased
oedema of the airway wall, thereby improving FEV1

especially in the children with more severe airway wall
oedema, i.e. the NAz group. Thus, oedema reduction may
play a large role, next to a theoretically plausible anti-
inflammatory effect.

Tissue eosinophilia is a well-recognised feature in the
inflammatory process of asthma, which is thought to be
reflected by peripheral blood eosinophilia. Earlier findings of
the present authors9 group in adult patients with asthma have
shown that mucosal airway wall inflammation is more
extensive in those asthmatics who experience symptoms at
night than in those who do not have nocturnal symptoms
[6, 13]. However, this appears to be true both at 04:00 and
16:00 h. In the present study, the blood eosinophil counts
tended to be higher in the NAzthan in the NA- group both at
04:00 and 16:00 h, but not significantly so, most likely due to
the relatively small number of children in this study.

An inverse relationship between serum cortisol and the
number of eosinophils was demonstrated previously in
animals as well as in patients with allergic asthma. FORNHEM

et al. [24] observed a marked lung tissue eosinophilia in low
cortisol-sensitised pigs compared with control animals. In
allergic asthmatic patients, inhaled corticosteroids can reduce
the cellular infiltration of eosinophils in bronchial biopsies to
normal levels [25]. Further, WILSON and LIPWORTH [26] found
a significant dose-related suppression of blood eosinophils in
12 adult asthmatics with both oral prednisolone (dose range
5–20 mg) and inhaled fluticasone propionate (dose range
440–1760 mg b.i.d.). The results of these studies are in line
with the current authors9 observations. HC infusion resulted
in relatively high cortisol levels during the night in association
with a decrease in blood eosinophil count, which reached
significance at 04:00 h for the asthma group as a whole. The
absence of a significant decrease in eosinophils at 16:00 h may
be explained by the negative feedback mechanism of the
hypothalamic-pituitary-adrenal cortisol axis after 20 h of HC
infusion, leading to similar cortisol levels at 16:00 h during
HC and saline infusion.

The current study did not observe an effect of intravenous
HC on bronchial hyperresponsiveness, neither with metha-
choline which directly acts on receptors of airways smooth
muscles, nor by AMP which indirectly leads to smooth muscle
contraction. This is in contrast with the well-known positive
effect of inhaled corticosteroids on the severity of bronchial
hyperresponsiveness in children with asthma [27]. However, a
number of studies with systemic steroids showed a limited or
no effect what so ever on the severity of airway responsive-
ness. JENKINS and WOOLCOCK [28] compared the effect of
3-weeks treatment with inhaled beclomethasone dipropionate
(1,200 mg) and oral prednisolone (12.5 mg) in 18 adult
asthmatics. The authors found a significant improvement in
PD20 histamine with beclomethasone dipropionate but no
change in PD20 histamine with prednisone treatment,
illustrating the superior topical anti-inflammatory effect of
inhaled corticosteroids. In the same way MEIJER et al. [29]
showed that 2 weeks of treatment with high-dose inhaled
fluticasone (2,000 mg) is more effective in improving airway
hyperresponsiveness to both methacholine and AMP than
oral prednisolone (30 mg).

The process to reduce airway responsiveness appears to be
slow. VAN ESSEN-ZANDVLIET et al. [30] showed an ongoing
improvement in PD20 histamine during treatment with
inhaled corticosteroids in asthmatic children, with a stabilisa-
tion after 20 months at 2.1 doubling doses above baseline.
The other way around, WAALKENS et al. [31] showed that
PD20 histamine still continued to decrease 4 months after
cessation of long-term treatment with inhaled steroids.
The present study did not find any effect on bronchial

hyperresponsiveness after intravenous HC. There may be
several possible explanations. The above explanation by the
route of administration is a likely one. Furthermore, the
children had stopped their inhaled corticosteroids for 2 weeks
before the onset of the study after a longer continuous period
of treatment with inhaled steroids. This may have stabilised
airway responsiveness. The period when maintenance medi-
cation was withdrawn might well have been too short to
expect an effect of intravenous hydrocortisone, specially with
the dose used. Notwithstanding this, the only change in
responsiveness observed was with AMP, a stimulus that is
known to better reflect airway wall inflammation than the
conventional stimulus methacholine [32]. Another contribut-
ing factor could be that, specifically, the thickening below the
basement membrane resulting from inflammatory processes
[25, 33] (remodelling) could not be changed by intravenous
HC over such a short time span.

In conclusion, the current study shows that substitution of
lower endogenous 24-h values of cortisol, specifically
improves lung function at the nadir time points of circadian
cortisol levels. Together with the previous observation that
asthmatic children have lower forced expiratory volume
in one second values and cortisol levels than healthy
children, this signifies the importance of cortisol in the
pathophysiology of asthma. Furthermore, a short period of
hydrocortisone infusion reduces the number of circulating
eosinophils, which can be considered as a marker of
inflammation, whereas it does not change the severity of
airway hyperresponsiveness.
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