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Assessment of adrenal function at birth using adrenal
glucocorticoid precursor to product ratios to predict short-term
neonatal outcomes
Tijen Karsli1, Viral G. Jain2, Maroun Mhanna3, Qiang Wu4, Samuel H. Pepkowitz5, Donald W. Chandler5 and Prem S. Shekhawat3

BACKGROUND: Most neonatal outcomes in neonates are related to normal adrenal gland function. Assessment of adrenal function
in a sick preterm neonate remains a challenge, thus we hypothesized that adrenal steroid precursors to their product ratios have a
direct relationship with neonatal outcomes.
METHODS: We studied demographics of pregnancy and neonatal outcomes in 99 mother–infant pairs (24–41 weeks) and assayed
7 glucocorticoid precursors in the cortisol biosynthesis/degradation pathway. We correlated antenatal factors and short-term
neonatal outcomes with these precursors and their ratios to assess maturity of individual enzymes.
RESULTS: We found no correlation between cortisol levels with antenatal factors and outcomes. Antenatal steroid use impacted
several cortisol precursors. 17-OH pregnenolone-to-cortisol ratio at birth was the best predictor of short-term neonatal outcomes,
such as hypotension, RDS, IVH and PDA. A cord blood 17-OH pregnenolone:cortisol ratio of <0.21 predicts which neonate will have
a normal outcome with a high sensitivity and specificity.
CONCLUSIONS: Maternal factors and antenatal steroids impact neonatal adrenal function and leads to maturation of adrenal
function. 17-OH pregnenolone:cortisol ratio and not cortisol is the best predictor of adrenal function. Adrenal function can be
assessed by evaluating the profile of adrenal steroids.
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INTRODUCTION
Adrenal glands play a significant role during gestation in fetal
development, and postnatally, survival of the newborn depends
on proper functioning of this endocrine gland to produce
adequate amount of glucocorticoid hormones.1 Most preterm
neonates have a state of relative adrenal insufficiency and
assessment of adequacy of adrenal gland function in such infants
remains a challenge in spite of major advances in neonatal care.2

Adrenal insufficiency due to congenital adrenal hyperplasia (CAH)
or hypoplasia is diagnosed using established criteria by newborn
screening programs3 and normative data on adrenal steroids and
their precursors have been defined by several investigators.4

Several studies conducted over the past two decades have failed
to come up with a reliable, trustworthy test for relative adrenal
insufficiency in preterm neonates. This has resulted in arbitrary use
or misuse of postnatal steroids, which may impact long-term
neurodevelopmental outcomes of these infants.5 During gesta-
tion, the fetal adrenal grows exponentially till term and it consists
of an outer “definitive zone” that produces mineralocorticoids, a
thin ‘transitional zone” that secretes glucocorticoids at early
gestational age (GA),6 and a much larger “fetal zone” that
synthesizes androgenic precursors: dehydroepiandrosterone/sul-
fate and their 16-hydroxylated derivatives. These weak adrenal
androgens are in turn converted to estriol by the placenta to
support pregnancy.6,7 During maturation of adrenal gland, cells in

the fetal zone undergo apoptosis, and after birth, fetal zone
involutes and gets replaced by the transitional and definitive
zones.8

Fetal zone expresses 3-β hydroxysteroid dehydrogenase type 2
(3-βHSD2) at very low levels limiting its ability to synthesize
cortisol in significant amounts. Majority of steroid hormones
produced during gestation are either weak androgens or relatively
small amount of cortisol, which is rapidly inactivated by sulfation
or locally in tissues by the action of 11-β hydroxysteroid
dehydrogenase 1 (11-βHSD1) where it is converted to inactive
cortisone.9 Maternal cortisol is inactivated by the actions of
placental 11-βHSD2, thus helps protect the developing fetus from
exposure to excessive amounts of maternal glucocorticoids during
development.10,11 11-βHSD2 activity during later part of gestation
is significant compared to 11-βHSD1 in human placenta and
tissues, thus regulating the steroid milieu in fetal life.9,12 The fetal
zone that normally regresses after birth may do so earlier in utero
in response to several fetal–maternal factors, thus shape, size, and
function of adrenal glands may change substantially during
gestation in some infants.13 Thus, for the above-mentioned
reasons, preterm neonates are born with an adrenal gland that
is not capable of producing adequate amounts of cortisol to
ensure extra-uterine survival.14,15 The large fetal zone of preterm
neonate’s adrenal gland does not produce cortisol and the
maturing transitional zones also has limited capacity to synthesize
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cortisol due to low expression of several enzymes, namely, 3-
βHSD2, 17-hydroxylase, and 11-hydroxylase enzymes (Fig. 1).16

This leads to a buildup of several steroid precursors and a low
level of cortisol, the final effector of glucocorticoid action. This
situation in preterm neonates eventually improves postnatally
but may take several weeks to months, during which these
infants remain vulnerable to effects of relative glucocorticoid
deficiency.17,18 This condition is also witnessed in some sick term
infants who are infected or even in shock where the cortisol levels
are low and cortisol precursor levels remain high due to inability
to convert precursors to their final product cortisol.19,20

The pituitary gland of extremely low birth weight preterm
infants like those born between 22 and 28 weeks have a limited
capacity to secrete adrenocorticotropic hormone (ACTH) and
using low-dose ACTH stimulation test where supra-physiological
doses of ACTH are employed cannot help differentiate infants with
relative glucocorticoid deficiency from normal.21,22 Thus we
hypothesized that, to assess adrenal function in such infants,
simultaneous measurement of cortisol and multiple other steroid
precursors will provide more valuable information than a single
assay and precursor-to-product ratio in glucocorticoid biosynth-
esis/degradation pathway may more accurately reflect maturity of
individual enzymes. We hypothesized that immaturity of indivi-
dual enzyme in preterm neonates in the glucocorticoid biosynth-
esis pathway will be reflected by buildup of precursor and a lower
than normal product leading to higher precursor-to-product ratio.
Thus ratio of precursor to product could be used as a clinically
useful tool to assess maturity of the adrenal gland.

METHODS
We conducted a prospective stratified observational study on 99
neonates born at a tertiary care center and admitted to our level
IIIc neonatal intensive care unit or the newborn nursery at Vidant
Medical Center, affiliated to East Carolina University, Greenville,
NC. These infants were between 24 and 41 weeks’ gestation and
infants were evenly spread over the range of GAs with 9–10
infants in each of the 2-week GA range grouped together (24–25,
26–27, 28–29, 30–31, 32–33, 34–35, 36–37, 38–39, 39–40, and
>40 weeks) to obtain an even distribution of subjects. Once we
had 9–10 subjects in each GA group, we stopped enrolling in that
category till we had our estimated number of infants in each GA
group. The study was approved by institutional review board of
the East Carolina University, NC. Detailed maternal pregnancy and
infant demographic data were collected at birth and neonatal
morbidity and mortality data were collected till the time of

discharge home. Infants with known chromosomal abnormalities,
birth asphyxia (cord pH <7.0 and base excess >−15.0), known
congenital adrenal hypoplasia or hyperplasia, and congenital
heart disease were excluded. Infants were enrolled within 2–4 h
after birth, and after obtaining parental consent, we processed
their venous cord blood obtained at delivery. Cord blood was
processed immediately by centrifugation for 15 min at 4 °C at
1500 × g to separate serum and stored at −20 °C until the time of
transport to Endocrine Sciences laboratory (LabCorp), Calabasas
Hills, CA in a single batch under dry ice using overnight express
delivery. Cortisol, its precursors, and products were measured
using liquid chromatography–tandem mass spectrometry (LC-MS/
MS) as previously described.23 We measured a total of seven
steroid precursors and their products in the cortisol biosynthesis/
degradation pathway, namely progesterone, 17-hydroxypregne-
nolone, 17-hyrodxyprogesterone, 11-deoxycortisol, cortisol, corti-
costerone, and cortisone. We chose these seven steroid precursors
since majority of these compounds are part of glucocorticoid
biosynthesis pathway, and we also measured corticosterone,
though not a glucocorticoid, as it has been shown to play a
significant role during gestation and its levels affect fetal
hypothalamic–pituitary–adrenal (HPA) axis and correlates with
degree of fetal stress.24,25 Each infant was observed for develop-
ment of hypotension, respiratory distress syndrome (RDS),
intraventricular hemorrhage (IVH), and patent ductus arteriosus
(PDA) based on standard clinical definitions. Various glucocorti-
coid precursors and cortisol ratios were calculated after converting
their value into comparable units.
All data were stored in a secure RedCap® database during

collection period and later exported to Excel and then SPSS
(version 22.0) for analysis (IBM: Chicago, IL, USA). We correlated
levels of each of these steroids and their ratios with fetal and
maternal demographic data and neonatal outcomes. Descriptive
statistics are depicted as median (interquartile range) and
percentages, and when continuous variables were compared
between two dichotomous variables, we used Mann–Whitney “U”
test without adjustment for GA. Linear regressions were drawn for
individual steroids and precursor-to-product ratio over GA range,
where GA is the independent variable and steroid level like 17-
hydroxyprogesterone level is the dependent variable. We have
included all data points in our analysis and provided R2 and
p value for the correlation. A receiver operating curve (ROC)
analysis (with 95% confidence interval) was conducted to
determine the cut-off ratio of 17-OH pregnenolone:cortisol that
would best predict hypotension, RDS, IVH, and PDA. 17-OH
pregnenolone:cortisol ratio was chosen since it reflects the activity
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Fig. 1 Simple schematic representation of relationship between maternal–placental–fetal compartments and steroid metabolism during
gestation. 3β-HSD2 is the major rate-limiting enzyme that matures near term and allows buildup of precursors, which are subsequently
converted to sulfated forms or undergo 16-hydroxylation; both processes lead to their inactivation
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of 3-βHSD2, 21-hydroxylase, and 11β-hydroxylase, the final three
enzymes required to synthesize the end product cortisol (Fig. 1).
Sensitivity and specificity analyses were conducted on different
ratios to determine which ratio best predicts short-term neonatal
outcomes.

RESULTS
During the study period, 99 infant–mother pairs were studied, and
their demographic and clinical details including prenatal and
postnatal characteristics and short-term outcomes are summar-
ized in Table 1. Subjects were evenly distributed across GA and
birth weight range and reflect the overall population at our center.
Serum cortisol levels in cord blood were similar between various
group of infants (p= NS) except for slightly higher in female
infants in comparison to male infants (p= 0.045) (Table 2).
Antenatal steroids had a significant impact on cortisol precursors
and was associated with lower levels of 17-OHP, the commonly
measured precursor by most newborn screening programs for
CAH (Figs. 2 and 3a). Lower level of 17-OHP was noted even
though these infants were of lower GA and birth weights in
comparison to infants closer to term GA and higher birth weights
since this population of infants were exposed to antenatal steroids
(p < 0.001). When the ratio of 17-OH pregnenolone:cortisol was
examined, the ratio was much higher at lower GA and birth
weight range compared to higher GA and birth weight category of
infants who did not receive antenatal steroids (p < 0.001) (Fig. 3b).
A similar trend was observed for other precursors and precursor-
to-cortisol ratios (data not shown). We did not find any significant
correlation between demographic factors or cortisol to its inactive
metabolites cortisone or the fetal stress hormone corticosterone
unlike other published reports.24

We found a significant direct relationship between several
steroid precursors, their ratio to cortisol, and short-term neonatal

outcomes, such as hypotension, RDS, IVH, and PDA (Table 3). Cord
blood cortisol levels had no correlation to these outcomes (p >
0.10). The ratios of 17-hydroxypregnenolone to cortisol and of 17
hydroxyprogesterone to cortisol both were significantly predictive
of short-term outcomes, such as hypotension, RDS, IVH, and PDA
(p ≤ 0.05). With 60 subjects in the RDS group and 38 non-RDS
patients, Mann–Whitney U test with a significance level of 0.05
achieves >99% power to detect the effects shown in our analysis
and similar power was achieved for other outcomes, such as IVH
and PDA. An ROC drawn between 17-hydroxypregnenolone-to-
cortisol ratio and outcomes such as RDS and PDA showed that a
ratio of <0.21 can predict RDS with a sensitivity of 60% and
specificity of 79%, with an area under the curve of 0.68 (p= 0.01)
(Fig. 4a). Likewise, 17-hydroxypregnenolone-to-cortisol ratio of
<0.21 can predict PDA with a sensitivity of 83% and specificity of
65%, with an area under the curve of 0.80 (p= 0.001) (Fig. 4b).
Similar ROC curves were drawn with 17-OH progesterone-
to-cortisol ratio with lower sensitivity and specificity (data not
shown).

DISCUSSION
Our study has for the first time presented evidence to show that
profiling precursors in the cortisol biosynthesis pathway could be
helpful in predicting short-term neonatal outcomes and that cord
blood levels of cortisol is not a sensitive measure of adequacy of
adrenal function. Our study is in agreement with other reports
suggesting that blood levels of cortisol lacks the ability to predict
short-term outcomes.26,27 17-Hydroxyprogestrone levels obtained
as part of day 2–3 newborn screening program is elevated in
several preterm neonates, which ultimately normalizes on repeat
testing around 4–5 months of age.28 Other investigators have
utilized steroid profiling and precursor:product ratios using LC-MS
to help differentiate false positive cases of CAH from the true
positives.29–31 In our report, we have focused on the utility of
cortisol precursor-to-cortisol ratio as a measure of adrenal
function, which may be a guide for selecting patients who will
benefit the most from postnatal glucocorticoid supplementation.
Profiling steroids can also be utilized to assess maturity of
individual enzymes in the biosynthesis pathway, where a lower
precursor-to-product ratio indicates a more mature or efficiently
functioning enzyme. This technique could be used to provide a
rational basis for clinical supplementation of hydrocortisone in
preterm and sick term neonates.
Our study has demonstrated that a random cortisol level does

not predict any short-term outcomes or help manage sick

Table 1. Maternal and infants’ demographic and clinical
characteristics

Gestational age (weeks) 32.0 (27.3–36.6)

Birth weight (g) 1570 (1015–2536)

Male gender (%) 47/99 (47%)

SGA (%) 17/99 (17%)

IUGR (%) 23/99 (23%)

African American (%) 47/99 (47%)

Caucasian (%) 41/99 (41%)

Hispanic (%) 11/99 (11%)

C-section (%) 57/99 (58%)

Maternal diabetes (%) 11/99 (11%)

Maternal preeclampsia (%) 26/99 (26%)

Maternal histological chorioamnionitis (%) 23/99 (23%)

Antenatal steroids (%) 61/99 (62%)

Maternal group B Streptococcus (%) 31/99 (31%)

Infants with RDS (%) 60/98 (61%)

Infants with BPD (%) 11/99 (11%)

Infants with IVH (%) 9/99 (9%)

Infants with PDA (%) 18/99 (18%)

Postnatal use of indomethacin (%) 22/99 (22%)

Postnatal steroids (%) 8/99 (8%)

Postnatal use of dopamine (%) 13/99 (13%)

Data are shown as median (interquartile range or percentage)
IUGR intrauterine growth restriction, RDS respiratory distress syndrome, IVH
intraventricular hemorrhage, PDA patent ductus arteriosus

Table 2. Cord blood cortisol (μg/dL) levels in relation to antenatal
factors and postnatal outcomes

Yes No p Values

Males 1.7 (0.66–3.2) 1.8 (0.33–5.1) 0.04*

SGA 1.35 (0.4–2.7) 1.96 (0.58–4.1) 0.28

Chorioamnionitis 2.0 (0.6–5.3) 1.7 (0.48–3.3) 0.58

Prenatal steroids 0.68 (0.32–2.0) 3.4 (2.0–6.1) 0.08

Hypotension 0.75 (0.4–2.0) 1.9 (0.54–3.5) 0.99

RDS 0.73 (0.36–2.2) 2.85 (1.55–4.9) 0.06

PDA 0.56 (0.42–1.4) 2.0 (0.54–3.7) 0.50

BPD 0.72 (0.37–1.9) 1.9 (0.51–3.5) 0.97

IVH 0.68 (0.45–1.7) 1.9 (0.54–3.5) 0.35

Data are represented as median (interquartile range). Mann–Whitney “U”
test was conducted to compare the two groups
*p < 0.05
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neonates unless it is very high when it rules out inadequacy of
adrenal glucocorticoids as the cause for the clinical problem. The
classic low-dose ACTH stimulation tests used clinically use
supraphysiologic doses of ACTH to stimulate adrenal glands to
produce cortisol, so its utility is limited to diagnosing mainly cases
of complete adrenal absence or failure.32 These ACTH stimulation
tests fail to differentiate preterm and sick term newborns who are
unable to mount an adequate adrenal response in cases of severe
illness or sepsis33,34 compared to those who lack adrenal function
altogether.
Our study sheds light on maturity of fetal adrenal gland, which

is mainly attributed to their immaturity and immaturity of their
HPA axis could also play a role and both conditions may be
equally responsible for the observed clinical picture. Our data
have shown that preterm neonates had lower levels of steroid
precursors if they received antenatal betamethasone treatment
compared to others who did not. This is in contrast with reports

from pre-antenatal steroid era where extremely preterm neonates
had very high levels of cortisol precursors compared to mature
term neonates on their newborn screening test.35,36 Antenatal
betamethasone and maternal stress both lead to changes in
adrenal steroid profile, which directly affects neonatal out-
comes.37–39 Maturation and control of gene expression of
enzymes involved in cortisol biosynthesis, namely, 3βHSD2,
21-hydroxylase, and 11-β hydroxylase, occurs via ACTH through
c-AMP-mediated response element in their promoters, while
several other growth factors like insulin-like growth factors also
play a significant role.10,40 3βHSD2 gene expression is controlled
by glucocorticoids via their action through stat5 activation.40

3βHSD2 is the major rate-limiting enzyme in cortisol biosynthesis
and exogenous glucocorticoids acts on its promoter via stat5 to
upregulate its expression, which explains lower precursor buildup
seen in our cases who received antenatal betamethasone. This
phenomenon apparently will occur during postnatal steroid use as
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well, leading to maturation of adrenal gland function. We have
shown that 17-hydroxypregnenolone-to-cortisol ratio can predict
which infants will avoid having complications such as hypoten-
sion, RDS, IVH, and PDA. Measurement of this ratio can help
clinicians to choose infants who will truly benefit from postnatal
hydrocortisone supplementation.
Our study has certain limitations. It is a single-center study with

small number of subjects and our assessment of adrenal function
is limited to the time around birth due to the use of cord blood
samples only. Thus we were able to predict only short-term
outcomes by using our steroid profile data and it was not possible
to predict long-term outcomes where there is a need to repeat
this test on multiple occasions postnatally, especially those
neonates who undergo stressful events like surgery or who
develop sepsis. Our study will serve as preliminary data to help
plan more elaborate studies to test this hypothesis further. In
conclusion, tandem mass spectrometry (LC-MS/MS) can provide
profile of several steroids from a single blood sample and this
information can better define maturity of adrenal gland and help

identify infants who need replacement glucocorticoid therapy to
improve outcomes.
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Table 3. Cortisol and its precursors and their ratios in relationship to short-term neonatal outcomes

Clinical parameter → Steroid/ratio measured↓ Statistic Hypotension RDS IVH PDA

Yes No Yes No Yes No Yes No

Cortisol (μg/dL) Median 0.75 1.9 0.73 2.85 0.68 1.9 0.56 2.01

Quartile range 0.41–2.0 0.5–3.46 0.36–2.2 1.55–4.9 0.45–1.8 0.54–3.4 0.41–1.41 0.65–3.73

p value 0.64 0.10 0.52 0.81

Ratio of 17-OH pregnenolone/cortisol Median 0.27 0.17 0.26 0.13 0.164 0.187 0.39 0.14

Quartile range 0.20–0.53 0.08–0.4 0.1–0.43 0.09–0.2 0.06–6.67 0.09–0.35 0.23–2.0 0.08–0.29

p value <0.001 <0.001 <0.001 <0.001

Ratio of 17-OH progesterone/cortisol Median 0.99 0.75 0.81 0.68 1.16 0.75 1.18 0.68

Quartile range 0.32–1.53 0.42–1.3 0.4–1.58 0.45–1.0 0.67–1.31 0.4–1.35 0.57–1.56 0.04–1.28

p value <0.001 <0.001 <0.001 <0.001

Data are represented as median (interquartile range), Mann–Whitney “U” test was conducted to compare the two groups
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