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Early adrenal insufficiency is associated with cardiopulmo-
nary dysfunction in immature infants. Isolated cortisol levels and
ACTH stimulation testing may not adequately show ontogeny of
postnatal cortisol secretion nor identify at risk infants. Our
objectives were 1) to determine postnatal urinary cortisol excre-
tion rate (UCER) from birth to 14 d in immature baboons and 2)
to evaluate the relation between UCER and cardiac performance.
UCER was assessed via 6-h blocked urine collections from birth
to 336 h of age in twenty-one 125-d gestation (term � 185 d)
baboons. Urinary cortisol was measured by RIA. Cardiopulmo-
nary parameters were averaged over the same time periods as
urine collection. Serial two-dimensional echocardiograms were
performed. After 24-h age, a subgroup (n � 8) received up to
four doses (0.5–1.0 mg/kg each) of hydrocortisone for refractory
hypotension. UCER significantly increased from 0 to 6 h through
66 to 72 h age for non-cortisol-treated infants. Significantly
reduced UCER patterns between birth and 24 h were found for
animals subsequently requiring cortisol treatment. Cortisol-
treated infants had lower mean blood pressure, worse metabolic

acidosis, increased fluid needs, and impaired left ventricular
function between 12 and 48 h of age. No group differences were
found in gas exchange or ventilator support. We conclude that
adrenal cortisol secretion significantly improves over the initial
72 h of life in the 125-d immature baboon. Failure to increase
UCER after 12–24 h of life correlated with poor cardiovascular
function that improved with hydrocortisone therapy. Adrenal
hypofunction in the immature baboon is similar to the very
preterm human and could serve as a model for future postnatal
investigations. (Pediatr Res 51: 426–432, 2002)

Abbreviations
UCER, urinary cortisol excretion rate
VCFc, velocity of circumferential fiber shortening—rate
corrected
LVWS, left ventricular wall stress
HC, hydrocortisone
FIO2, fraction of inspired oxygen

Over the past decade, several reports have suggested an
inadequate response of the hypothalamic-pituitary-adrenal axis
in sick immature infants (1–5). This impaired adrenal function
has been associated with hypotension refractory to volume and
inotropic therapy, but responsive to glucocorticoid therapy
(6, 7). Evidence of early adrenal insufficiency in extremely low
birth weight infants has also been associated with increased

risk for subsequent diagnosis of neonatal chronic lung disease
(5, 7–9). In a pilot study of early hydrocortisone replacement
therapy, Watterberg and colleagues (10) found improved sur-
vival without chronic lung disease among a group of high-risk
immature infants.

The majority of studies evaluating adrenal function in pre-
mature humans have measured serum cortisol levels at isolated
points in time or after ACTH stimulation. These studies have
not attempted to define the ontogeny of cortisol release over the
initial hours and days of life in very immature infants. Nor
have studies reported on indices of cardiac function, other than
blood pressure, related to periods of suggested adrenal insuf-
ficiency or subsequent therapy.
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Studies on the adrenal gland of nonhuman primates demon-
strate close structural and functional analogies with humans
during fetal and early neonatal life (11–13). Prior reports in
premature primates have demonstrated increased levels of
stress hormones, including cortisol (14, 15). However, these
studies have been on premature primates at 80–90% gestation,
which represents a relatively advanced gestation compared
with the immature humans most commonly reported at risk for
adrenal dysfunction (�70% gestation). We have recently re-
ported on a more immature primate model for human neonatal
chronic lung disease (16). Among numerous physiologic and
pathologic similarities this immature animal model has with
the immature human infant is a propensity for impaired car-
diovascular function early in life. Nearly two-thirds of the
125-d immature baboons (term � 185 d) received inotropic
and volume support to maintain blood pressure, urine output,
and an acceptable acid-base status during the initial 4–5 d of
life (16, 17). Many were refractory to inotropic support, but
similar to very immature humans, responsive to replacement
hydrocortisone therapy.

The objectives of this study were two-fold. First, to deter-
mine UCER from birth through 14 d of age as an ontogenic
measure of postnatal adrenal function in this immature primate
model. Second, to evaluate whether a relation exists between
UCER, indices of cardiovascular performance, and early hy-
drocortisone replacement.

METHODS

Animals. All animal studies were performed at the South-
west Foundation for Biomedical Research in San Antonio, TX,
U.S.A. All animal husbandry, animal handling, and procedures
were reviewed and approved to conform to American Associ-
ation for Accreditation of Laboratory Animal Care guidelines.
Timed gestations were determined by observing characteristic
sex skin changes and confirmed by serial fetal ultrasound
examinations. Pregnant baboon dams (Papio papio) were de-
livered by elective hysterotomy under general anesthesia at 125
� 2 d (67% of term gestation at 185 d). Dams included in this
study were not treated with antenatal steroids. At birth infants
were weighed, treated with intramuscular ketamine hydrochlo-
ride (10 mg/kg) for anesthesia, intubated, and given a single 4
mL/kg bolus of exogenous surfactant (Survanta, donated by
Ross Laboratories, Columbus, OH, U.S.A.) through the endo-
tracheal tube. Ventilation was initiated in all infants with a
humidified, pressure-limited, time-cycled infant ventilator (In-
fantStar, donated by Infrasonics, San Diego, CA, U.S.A.). The
initial rate was set at 40 breaths per minute, peak inspiratory
pressure adequate to move the chest, positive end expiratory
pressure at 4 cm H2O, and FIO2 at 0.40. Ventilator adjustments
were made based on chest radiograph, clinical examination,
arterial blood gas measurement, and tidal volume measurement
as previously described (16). Target goals for PaO2 were 55–70
mm Hg and for PaCO2 were 45–55 mm Hg. To minimize stress
associated with intensive care, intermittent analgesia and se-
dation were provided with ketamine (5 mg/kg) and diazepam
(0.1 mg/kg) on a regular basis.

As previously described, nutritional support for all animals
was similar with introduction of parenteral nutrition by 24 h
age. Initial fluid requirements were adjusted to maintain elec-
trolyte homeostasis, provide minimal urine output at 1–2 mL/
kg/h, maintain acceptable blood pressure, and minimize met-
abolic acidosis.

Significant hypotension was defined as a mean blood pres-
sure (transduced through an umbilical artery catheter) of �25
mm Hg accompanied by either increasing base deficit or
decreasing urine output. Hypotension was initially treated with
additional volume supplementation (10–20 mL/kg at least
twice over a 1-h period) and the use of inotropic support. The
initial drug used was dopamine at 4–6 �g/kg/min. Dopamine
was increased to a maximum rate of 20 �g/kg/min. If this
approach failed to improve mean blood pressure within 1–2 h,
then dobutamine was added. If mean blood pressure failed to
respond to volume and inotropic drugs within 2–4 h, then
hydrocortisone (Soul-Cortef, Pharmacia & Upjohn, Kalama-
zoo, MI, U.S.A.) at a dose of 0.5–1.0 mg/kg was administered
at 6-h intervals until either mean blood pressure increased to
�28 mm Hg or a maximum of four doses of hydrocortisone
were received.

Echocardiography. Echocardiographic studies were per-
formed at 1, 6, and 24 h of age, then at 24-h intervals until
elective necropsy at 14 d age. All echo studies were performed
by one of the authors (D.C.M.). Two-dimensional (2-D), m-
mode, and Doppler echo studies were performed with an ND
256–8 Biosound (Genoa, Italy) echocardiographic system
equipped with an 8-MHz mechanical transducer. The tech-
nique for the echocardiographic examination is essentially the
same in the baboon as in the human. Standard 2-D echocardi-
ography was performed in the long-axis, short-axis, apical, and
high parasternal views. Imaging of the ductus was performed
in the high parasternal view. Measurement of the internal
diameter of the aortic and pulmonic annuli was obtained from
2-D images frozen in systole using a cine loop. 2-D directed
m-mode echocardiography was performed for measurement of
the left ventricle. Due to the small size of the animals, right
ventricular dimensions and septal thickness could not be rou-
tinely measured. From left ventricle measurements, shortening
fraction, mean rate VCFc, and LVWS at peak systole were
determined (18, 19). Mean systemic blood pressure was used to
calculate VCFc (20).

Cortisol assay. Urine was completely and continuously col-
lected for the 14-d study period in a plastic tray or tube catheter
and frozen at �70°C. Blocked samples were allocated in 6-h
intervals from birth through 336 h of life. Gentle bladder
compression was performed every 6 h to ensure complete
emptying. As these infants do not pass stool during the first
several days of life, fecal contamination of urine was not a
problem. After dichloromethane extraction urine cortisol levels
were assayed using a solid-phase RIA procedure (Coat-A-
Count Cortisol, Diagnostic Products Corporation, Los Angeles,
CA, U.S.A.). Cross-reaction with other naturally occurring
steroids is �1%. Samples and controls were run in duplicate.
Intra- and interassay coefficients of variation were each �10%.

Statistical analyses. Data are summarized as mean � SD
unless otherwise indicated. For comparison purposes, animals
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were separated into two groups based on the administration of
hydrocortisone at any time during the 14-d study period.
Physiologic data were averaged in 6-h time blocks in concert
with timed urine cortisol collections. Echocardiographic data
were analyzed by specific time points and correlated to cortisol
data from the preceding time block. Intragroup changes in
blocked urine cortisol concentrations were compared over time
by analysis of variance for repeated measures and paired t test.
All intergroup differences were compared with t test and Mann
Whitney U test for continuous variables and Fisher’s exact test
for categorical data.

RESULTS

Of the 21 animals included in this study, 8 received hydro-
cortisone therapy for refractory hypotension (HC-Yes). The
mean age for the first dose of hydrocortisone was 26 h (range
18–32 h), and the median number of doses was 3 (range 2–4).
The remaining 13 animals were not treated with hydrocortisone
(HC-No). As seen in Table 1, there were no differences in
gestational age, birth weight, or gender between HC-Yes ani-
mals and HC-No animals. All HC-Yes animals received dopa-
mine therapy compared with 6 of 13 HC-No animals (p �
0.05). There was a trend toward earlier and longer use of
dopamine in the HC-Yes animals that did not reach statistical
significance.

The developmental pattern for UCER from the 13 HC-No
animals is shown in Figure 1. Data are presented as median
values with 25th–75th percentiles. UCER increased steadily
with each 6-h block from birth to peak excretion rates at
96–108 h of life then plateaued at a slightly lower UECR until
necropsy.

UCER patterns for the first 24 h of life were compared
between HC-No and HC-Yes animals (Fig. 2, data excludes
animal receiving HC at 18 h age). Significant differences were
found in the cumulative UCER at each interval over the first
24 h of life. As shown in Figure 3, administration of hydro-
cortisone resulted in a dramatic increase in UCER by the
30–36-h urine collection block, which, after cessation of hy-
drocortisone therapy, returned after 48 h of age to levels
comparable to HC-No infants.

Several physiologic measures suggested compromised car-
diovascular function associated with lower UCER patterns in
the HC-Yes animals. Mean blood pressure, initially similar in
both groups, slowly deteriorated after 18 h age and was

significantly lower in the HC-Yes animals compared with
HC-No animals at 24, 30, and 36 h age (Fig. 4). Associated
with the decrease in blood pressure, HC-Yes animals required
significantly greater volume intake over the second day of life,
though urine output was not significantly different between the
two groups (Table 2). All animals manifested some degree of
metabolic acidosis, but HC-Yes animals had significantly
greater base deficits and received more sodium bicarbonate
therapy than HC-No animals between 13 and 48 h age (Ta-
ble 3).

Indices of cardiac performance were compared between
HC-Yes and HC-No animals at 1, 6, and 24 h and then every
24 h thereafter until the day before necropsy. At 1 and 6 h age
there were no significant differences in shortening fraction, but
by 24 h of age shortening fraction had decreased significantly
(45%) in the animals subsequently treated with hydrocortisone
(HC-Yes), but not in the HC-No animals (Fig. 5A). Shortening

Table 1. Demographic features of 125-d premature baboons by
hydrocortisone treatment group

Hydrocortisone, no
n � 13

Hydrocortisone, yes
n � 8

Gestation (d)* 125 � 2 125 � 2
Birth weight (g)* 401 � 42 380 � 35
Male/female 7/6 6/2
Dopamine 7 (54%) 8 (100%)‡
Age dopamine start (h)† 37 (3–53) 23 (19–26)
Duration dopamine (h)† 94 (71–120) 143 (96–168)
Open PDA at 24 h 12 (92%) 7 (88%)

PDA, patent ductus arteriosus.
* Mean � SD; † median (range); ‡ p � 0.05.

Figure 1. Urinary cortisol clearance rates from birth to 10 d age for 125-d
premature baboons (n � 13) not exposed to antenatal or postnatal steroids.
Data are presented as median values with 25–75% ranges in nmol/h per time
period. Time periods are 6-h intervals from birth to 72 h, 12-h intervals from
72 h to 144 h, and 24-h collection for day 10. Increase over time is significant
at p � 0.02.

Figure 2. Comparison of cumulative urinary cortisol clearance rates over the
first 24 h of life between 125-d premature baboons that did not require
hydrocortisone therapy (shaded squares, n � 13) and animals that subse-
quently required hydrocortisone therapy after 24 h age for refractory hypoten-
sion (filled circles, n � 7). Data are presented as median values with 25–75%
ranges in nmol/h per time period. Differences between groups are significant
(p � 0.02) at each time point.
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fraction improved by 48 h of age, after hydrocortisone therapy,
in all HC-Yes animals and remained similar to HC-No animals
for the remainder of the study. A similar pattern was seen for
rate VCFc as shown in Figure 5B. At 1 h of age, VCFc was
similar between the two groups but was significantly decreased
at 6 and 24 h of age in HC-Yes animals (50% and 38%,
respectively; p � 0.05). By 48 h age and thereafter, VCFc
improved and was not different between or within groups.
LVWS was evaluated as a measure of systemic afterload. Wall
stress was significantly higher at 1 h age in animals subse-
quently treated with hydrocortisone, and then decreased sig-
nificantly (47%; p � 0.05) by 24 h compared with HC-No
animals. Similar to shortening fraction and VCFc, LVWS
measurements for HC-Yes animals approximated those of
HC-No animals at 48 h and after. There was no difference in
the incidence of patent ductus arteriosus or in the size and
direction of shunt across the patent ductus arteriosus between
groups at any time during the study.

Despite differences between groups in UCER and cardiovas-
cular performance during the initial 24–48 h, there were no
measurable differences between groups in pulmonary function
including peak airway pressure, mean airway pressure, FIO2,
PaO2, PaCO2, or oxygenation index at any time during the 14-d
study.

DISCUSSION

In this report, we describe the association of impaired uri-
nary cortisol excretion with early cardiovascular dysfunction in
the immature baboon, and we demonstrate significant improve-
ment in cardiovascular function following hydrocortisone ther-
apy. Similar glucocorticoid responsive refractory hypotension
has recently been described in ill immature human infants (6,
21–23). The frequency of this early adrenal insufficiency state
has been inversely related to gestational age and correlated
with an increased risk for bronchopulmonary dysplasia (2, 8,
24, 25). The pathophysiology of this problem in the high-risk
premature infant is not completely clear though relative imma-
turity of the hypothalamic-pituitary-adrenal axis is most often
suggested (1, 3, 5, 6, 8, 26).

Urinary free cortisol levels have been shown to be directly
proportional to and highly correlated with plasma cortisol
levels (27). Given the potential for fluctuations in plasma
cortisol levels and the limitations of frequent blood sampling in
this low birth weight model, we chose blocked urine collec-
tions to characterize the ontogeny of cortisol excretion from

Figure 3. Effect of hydrocortisone therapy on urinary cortisol clearance rates
in 8 treated 125-d premature baboons. Data are presented as median values
with 25% to 75% ranges in nmol/h per time period. Hydrocortisone was given
as 0.5–1.0 mg/kg/dose for a total of one to four doses over a 24-h period,
between 24–48 h age for refractory hypotension. Increase over time is
significant at p � 0.02.

Figure 4. Comparison of mean blood pressure patterns among 125-d prema-
ture baboons that did not require hydrocortisone therapy (shaded squares, n �
13) and animals that subsequently required hydrocortisone therapy after 24 h
age for refractory hypotension (filled circles, n � 8). Data are averaged values
over 6-h time periods for 6–48 h and over 24-h time periods for 72–240 h.
Data are expressed as mean � SEM in mm Hg. *p � 0.05.

Table 2. Fluid requirements and urine output over the initial 4 d of
life in 125-d premature baboons by hydrocortisone treatment group

Hydrocortisone, no
n � 13

Hydrocortisone, yes
n � 8

Fluid intake (mL/kg/d)
0–24 h 272 � 30 273 � 16
25–48 h 229 � 23* 281 � 31
49–72 h 203 � 28 219 � 36
73–96 h 181 � 14 188 � 26

Urine output (mL/kg/h)
0–24 h 2.2 � 1.1 1.9 � 0.7
25–48 h 2.1 � 1.9 1.5 � 1.1
49–72 h 3.2 � 1.7 2.5 � 1.7
73–96 h 4.6 � 2.2 3.2 � 2.1

Mean � SD.
* p � 0.05.

Table 3. Acid-base status of 125-d premature baboons by
hydrocortisone treatment group

Hydrocortisone, no
n � 13

Hydrocortisone, yes
n � 8

Base deficit (meq/L)
0–12 h �3.5 � 1.1 �4.4 � 2.0
13–24 h �6.8 � 1.0* �8.6 � 0.9
25–36 h �7.4 � 1.1* �11.3 � 3.2
37–48 h �6.1 � 1.8 �5.6 � 2.9

NaHCO3 given (meq)
0–12 h 0* 0.8 � 1.2
13–24 h 1.1 � 1.0* 2.5 � 1.8
25–36 h 1.7 � 1.0* 4.5 � 2.7
37–48 h 0* 1.4 � 1.8

Mean � SD.
* p � 0.05.
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birth through 14 d of age. In addition, we wished to observe the
natural history of cortisol excretion in this model and thus did
not administer antenatal steroids to the dams. We found mark-
edly decreased urinary cortisol excretion on d 1 of life with

steady increase to peak excretion on d 4 and 5. In contrast,
Siamopoulou-Mavridou and colleagues (28) found that healthy
term and older preterm humans (32 � 2 wk) manifested peak
urinary cortisol excretion on the first day of life with decreas-
ing excretion on d 2 and 3. They also found that urinary
cortisol levels were greater in the preterm infants compared
with term infants, and that preterm infants with RDS had levels
four to five times higher than healthy premature infants. The
premature infants in their study were considerably more ad-
vanced in gestation than those we studied (80% versus 67%
gestation) and were not reported to have problems with car-
diovascular function. Unlike very immature newborns, older
preterm and term infants have only rarely been reported to
manifest a functional adrenal insufficiency during acute illness
(24).

Numerous reports have documented improvement in indirect
measurements of cardiovascular function such as blood pres-
sure, urine output, and decreased inotropic support after glu-
cocorticoid therapy (1, 6, 7, 21–23). Effects on these variables
are typically seen within 6 h after the initiation of glucocorti-
coids. Although Tantivit and colleagues (24) stated that five of
seven term infants treated with hydrocortisone had normal
contractility by echocardiogram at the time glucocorticoid
therapy was initiated, they did not present quantitative data. To
our knowledge, there have been no published reports of direct
measurements of cardiac function in this population of infants.
Our findings demonstrated worsening left ventricular function
by 6–24 h age in the animals whose urinary cortisol excretion
rates failed to increase over the first day of life. Further, we
found that both direct measures of left ventricular function,
such as VCFc and shortening fraction, as well as indirect
measures such as blood pressure and metabolic acidosis, sig-
nificantly improved in association with hydrocortisone therapy.
Additionally, inotropic and volume support were weaned dur-
ing hydrocortisone therapy.

A variety of mechanisms have been proposed for this glu-
cocorticoid effect. Glucocorticoids contribute importantly in
the maintenance of vascular tone, permeability, and endothelial
integrity (29, 30). One proposed mechanism is facilitation of
catecholamine effect at the cellular level through regulation of
adrenergic receptors (31). However, Tseng et al. (32) were not
able to demonstrate increased myocardial �-receptor density,
response, or gene expression after antenatal betamethasone
treatment in the preterm fetal sheep. Despite this failure to
up-regulate adrenergic receptors, this group documented im-
proved blood pressure and cardiac output in the immediate
postnatal period in betamethasone-treated lambs (33). Hydro-
cortisone has also been reported to have a direct positive
inotropic effect on guinea pig ventricular myocytes via poten-
tiation of transmembrane calcium currents (34). However,
relatively large doses of steroid were required. Through an
inhibitory effect on nitric oxide synthase expression, glucocor-
ticoids could potentially improve blood pressure by reducing
vascular smooth muscle relaxation (35). Improvement in blood
pressure would be related to increased vascular tone and
afterload. As shortening fraction and VCFc are both afterload-
dependent measures of cardiac function, one would expect
these parameters to decrease if afterload increase is the only

Figure 5. Serial changes in left ventricular shortening fraction (LVSF) (A),
VCFc (B), and LVWS (C). Data are presented as mean � SEM. Premature
baboons (125 d) that did not require hydrocortisone therapy (shaded squares,
n � 13) are compared with those that subsequently required hydrocortisone
therapy after 24 h age for refractory hypotension (filled circles, n � 8).
Significant between group differences (p � 0.05) are noted by an asterisk.
There were no differences over time among non-hydrocortisone-treated ani-
mals. Among animals subsequently requiring hydrocortisone, LVSF was
significantly lower at 24 h age than at 1 or 48 h (p � 0.05); VCFc was
significantly lower at 6 and 24 h age than at 1 or 48 h (p � 0.05); and LVWS
was significantly lower at 24 h age than at 1 and 6 h (p � 0.05).
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responsible mechanism for increased blood pressure. Obvi-
ously there is still much to be learned regarding the influences
of glucocorticoids on cardiac performance in the immature
infant.

Considerable research has demonstrated the developmental
and functional similarities among higher primate fetal and
neonatal adrenal tissues (12, 13, 26, 36). Morphologically, the
definitive and transitional zones of the adrenal gland appear by
week 30 of gestation. Expression of 3-�-hydroxysteroid dehy-
drogenase, a critical enzyme in the synthesis of cortisol, be-
comes increasingly evident in the definitive and transitional
zones during the third trimester in the human and baboon fetus.
Together, these findings support the concept of increased risk
for functional adrenal insufficiency as gestation decreases.
Coulter and colleagues (15) have demonstrated a significant
increase in plasma ACTH and cortisol in the fetal rhesus in
response to a hemorrhagic stress. The response, however, was
much greater in the near-term (approximately 90% gestation)
fetus compared with a slightly more immature fetus (approxi-
mately 80% gestation). A previous report from this center
demonstrated that the 140-d premature baboon infant (76%
gestation) was capable of mounting a significant endocrine
response to stress, though the cortisol response was not as great
as that found in term human infants (14, 37). More recently, we
reported that the immature 125-d baboon has numerous clinical
similarities to the very low birth weight human including the
frequent occurrence of a glucocorticoid responsive hypoten-
sion (16, 17).

It is important to point out that the dose of glucocorticoid
used increased UCER by 6- to 10-fold among treated infants.
This increase is consistent with the stress response reported
among ill infants and children (38). It also should be noted that
cardiovascular improvement began within 4–6 h of initiating
hydrocortisone, similar to the time interval reported among
immature human infants (6, 7, 23). Finally, though most
studies have described treatment course of 1–2 wk duration, we
demonstrated sustained improvement in cardiovascular func-
tion, without reduction in subsequent UCER, after only 12–24
h of therapy. This is consistent with reports that prolonged
courses of glucocorticoids may not be necessary to maintain
cardiovascular benefit, and should be discouraged (7, 22, 23).
Given the many organs affected by cortisol, randomized con-
trolled trials are needed to better define the optimal dose,
duration and effects of hydrocortisone replacement therapy in
the immature infant.

In summary, our findings suggest an impaired cortisol stress
response early in life in immature baboon infants consistent
with that described in very premature human infants. Animals
most affected demonstrated significantly impaired cardiovas-
cular function, with improvement associated with hydrocorti-
sone therapy. In comparison to the human situation, there are
some limitations of this model such as elective cesarean de-
livery, lack of premature labor and/or rupture of the mem-
branes, the absence of chorioamnionitis, and no antenatal
steroid therapy. Nonetheless, given the many other similarities
between the 125-d baboon and the immature human, this
model may be useful for further physiologic and pharmacolog-
ical studies of early stress response in immature infants.
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