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1  |  INTRODUC TION

Small for gestational age (SGA) fetuses are defined by an estimated 
fetal weight or ultrasound measurement of abdominal circumfer-
ence (AC) below the 10th percentile. SGA includes both constitu-
tionally small but otherwise healthy fetuses and fetuses who have 
failed to reach their genetically determined growth potential, be-
cause of chronic hypoxia and undernutrition.1 The latter are defined 
as intrauterine growth restricted (IUGR).2–4

Intrauterine growth restriction remains a challenging problem, 
especially in developing countries where it affects almost 30 million 
infants each year5 and is associated with significant neonatal mor-
tality and morbidity, and it carries potential long- term complications 
throughout life.3,5–7 IUGR fetuses develop in a chronic hypoxic and 
hypoglycemic environment.

Distinguishing between constitutional SGA and IUGR fetuses 
can be challenging because they both involve fetal measurements 
below the expected norms. However, various prenatal imaging 
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Abstract
Objective: The aim of this study was to demonstrate the establishment of adrenal 
sparing in intrauterine growth restricted (IUGR) human fetuses. IUGR fetuses are a 
subgroup of small for gestational age (SGA) fetuses that are unable to reach their own 
growth potential because of chronic hypoxia and undernutrition. We hypothesized 
that in IUGR fetuses the adrenal gland is relatively larger and secretion of noradrena-
line (NA), adrenaline (A), and cortisol is increased.
Study Design: This is a prospective observational study including 65 singleton preg-
nancies (42 IUGR and 23 controls). Using two- dimensional ultrasound, we measured 
fetal adrenal diameters and adrenal/abdominal circumference (AD/AC) ratio between 
25 and 37 weeks. We considered only one measurement per fetus. In 21 pregnancies 
we also measured NA, A, and cortisol levels in arterial and venous fetal cord blood 
collected at the time of delivery.
Results: The AD/AC ratio was significantly higher in IUGR fetuses than in controls. 
Cord NA and A levels were significantly higher in IUGR fetuses than in controls. An 
increase in cortisol secretion in IUGR fetuses was observed but the difference was 
not statistically significant.
Conclusions: Adrenal sparing correlates with a relative increase in adrenal measure-
ments and function.
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2  |    MARTINELLI et al.

techniques such as ultrasound and Doppler ultrasound, coupled 
with a comprehensive assessment of clinical evaluation, maternal 
history, and laboratory tests, can allow the correct differential 
diagnosis.8

The fetal adaptive response to the adverse environmental con-
dition has been studied in animal models and is based on redistribu-
tion of blood flow, meant to favor the growth and function of brain, 
heart, and adrenal glands to the detriment of other districts (mainly 
renal and splanchnic districts).7,9,10 As adrenals play a crucial role in 
producing hormones essential for several bodily functions, the con-
cept of adrenal sparing refers to preservation of the adrenal gland 
function to maintain hormone secretion and to prevent complica-
tions associated with adrenal insufficiency. Studies on animal models 
suggest that adrenal sparing in IUGR is related to an enhancement 
of cortisol and catecholamine synthesis, aimed at supporting fetal 
adaptation to chronic hypoxia and hypoglycemia.11,12

When ultrasound and Doppler ultrasound became available, it 
became possible to study adrenal size and blood flows in the human 
fetus throughout normal and complicated pregnancies.13–17 Some 
biometric and Doppler studies comparing adrenal size or adrenal 
blood flow in normal and IUGR fetuses confirm the adrenal sparing 
effect18–21 while others do not.22,23 The different results obtained in 
these studies are most likely due to heterogeneity of the SGA pop-
ulations as adrenal sparing is expected to be present in the IUGR 
subgroup, which represents only a proportion of all SGA fetuses.

To our knowledge, there are no studies investigating the mor-
phological and functional changes of the adrenal gland related to 
IUGR in humans.

The main aim of the present study was to demonstrate the es-
tablishment of adrenal sparing in IUGR fetuses, investigating both 
morphological and functional aspects.

Particular attention has been paid to the identification of IUGR 
fetuses considering their growth pattern and maternal and feto- 
placental Doppler velocimetry. We hypothesized that adrenal spar-
ing contributes to maintaining, or even increasing, fetal adrenal gland 
size, combined with a functional arousal of the gland, with enhanced 
synthesis of catecholamines and cortisol.

2  |  MATERIAL S AND METHODS

A prospective observational study was conducted from January 
2014 to May 2017 at Obstetrics and Gynecology 2U Department of 
Sant' Anna University Hospital in Turin, Italy.

The study protocol was approved by local ethics committee (eth-
ics review committee no. 100364/A210).

Inclusion criteria were singleton pregnancy, certain gestational 
age (GA) (assessed at first trimester ultrasound), and GA above 
25 weeks at recruitment. Exclusion criteria were fetal structural or 
genetic anomalies, pregestational maternal hypertension, or other 
pregestational maternal conditions which could affect fetal growth, 
documented fetal, or maternal infections.

Fetuses matching inclusion criteria were recruited and catego-
rized into two groups: IUGR and controls (appropriate for GA fe-
tuses, born at term after an uneventful pregnancy). After informed 
consent, the assignment to study group was based on fetal growth 
evaluation through ultrasound biometry and fetal and/or maternal 
Doppler velocimetry.

IUGR was considered in the presence of one of the following:

• AC <10th centile for GA24 with pathological uterine artery 
Doppler velocimetry and/or pathological umbilical artery Doppler 
velocimetry.

• AC ≥10th centile but growth trajectory down- crossing centiles 
>2 quartiles on growth charts24 with pathological uterine artery 
Doppler velocimetry and/or pathological umbilical artery Doppler 
velocimetry.

Uterine artery Doppler velocimetry was defined as pathological 
in the presence of a mean pulsatility index above 95th centile for GA, 
according to pulsatility index charts by Gòmez et al.25

Fetal umbilical artery Doppler velocimetry was defined as patho-
logical in the presence of pulsatility index above 60th centile for GA, 
according to pulsatility index charts by Todros et al.26 These charts 
result from an Italian multicenter study carried out in a high- risk 
population, which demonstrated that the 60th centile curve is the 
most sensitive cut- off to identify fetuses at risk of hypoxia.

For all included cases we collected data about delivery and short- 
term neonatal follow- up. Adverse neonatal outcome was defined by 
the presence of at least one of the following: neonatal intensive care 
unit (NICU) stay >30 days, grade 3 to 4 intraventricular hemorrhage, 
bronchopulmonary dysplasia, necrotizing enterocolitis, grade 3–5 
retinopathy of prematurity, and neonatal death.

2.1  |  Morphological study

All recruited fetuses underwent standard biometric measurements 
(head circumference, AC, femur length). Then, the fetal kidney proxi-
mal to the probe was identified on a sagittal plane and the adrenal 
gland was visualized cranial to the kidney.

Through slight rotation of the probe, the plane comprising the 
largest diameter of the adrenal gland was obtained and two mea-
surements recorded: (1) the antero- posterior, the largest diameter 
(Figure 1, D1); and (2) the cranio- caudal, the maximal thickness 
(Figure 1, D2). The calipers were placed directly at the interface be-
tween the gland and the surrounding soft tissues and, on one side, at 
the interface with the kidney.

The mean adrenal diameter (AD) for each fetus was calculated as: 
(cranio- caudal diameter + antero- posterior diameter)/2.

As the AC is the ultrasound parameter that best reflects fetal 
size, the mean adrenal diameter/abdominal circumference (AD/AC) 
ratio for each fetus was calculated with the purpose of correcting 
for different fetal size. Moreover, the ratio is independent of GA. 
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    |  3MARTINELLI et al.

For each case, only the measurements obtained at recruitment were 
used.

Ultrasound measurements were accomplished by a single se-
nior sonographer, using the Voluson 730 Expert (General Electric, 
Fairfield, CT, USA) equipped with a 5.0–7.0 MHz transabdominal 
probe.

2.2  |  Functional study

A subgroup of recruited cases was included in the functional study 
of the fetal adrenal gland, which involved measuring noradrenaline 
(NA), adrenaline (A), and cortisol in the arterial and venous blood of 
the umbilical cord, at time of birth. Fetuses were considered eligi-
ble for the functional study only if they were delivered by elective 
cesarean section (CS) without labor, so as to avoid the confounding 
effect of labor itself on maternal and fetal adrenergic activity. Ethical 
issues prevented us from considering antenatal cord blood sampling 
instead of cord blood sampling at the time of delivery.

We excluded all cases for which blood sample collection at de-
livery was not possible due to technical problems. In this respect, it 
is important to stress the technical difficulty in collecting cord blood 
samples, especially in IUGR fetuses, due to the small size of the fetal 
cord with a tendency to rapid intra- cord blood coagulation at de-
livery. We also excluded patients treated with betamethasone for 
respiratory distress syndrome (RDS) prophylaxis in the 7 days before 
delivery, to avoid the effect that an exogenous steroid might confer.

We collected fetal arterial and venous cord blood samples after 
double cord- clamping, performed immediately after delivery directly 
on the operating field. Samples were collected in lithium- heparin 
test tubes. All samples were stored at 4°C for a maximum of 6 h, 
and then centrifuged at 6000 rpm for 3 min; separated serum was 
stored at −20°C until analysis at Baldi e Riberi Analysis Laboratory 
(Città della Salute e della Scienza, Turin, Italy). NA and A were mea-
sured by high- performance liquid choromatography (HPLC) analy-
sis (catecholamines in plasma − HPLC kit; Chromosystems, Becton 

Dickinson, New Jersey, USA). Cortisol was measured by ECLIA 
(Elettro Chemiluminescence Immuno Assay) using the (Cobas kit for 
Elecsys, Roche, Basel, Swizerland) immunoanalyzers.

2.3  |  Statistical analysis

Data are presented as median (range) for continuous variables and as 
n (%) for categorical variables. Groups were compared using Mann–
Whitney test with significance level P < 0.05. The analyses were 
performed using the statistical software package GraphPad Prism 
Version 8.3.0.

3  |  RESULTS

3.1  |  Morphological study

A total of 65 fetuses were included: IUGR (n = 42), controls (n = 23). 
The characteristics of the two groups are reported in Table 1. 
Maternal age and parity were similar in the two groups. Most IUGR 
fetuses received corticosteroids for RDS prophylaxis, while only a 
few received MgSO4 for neuroprotection. As expected, maternal 
and/or fetal complications led to high CS rates (up to 90%) in the 
IUGR group. The quite high CS rate (56.5%) and RDS prophylaxis 
rate (30.4%) in controls, despite the absence of IUGR, can be ex-
plained by a selection bias: we preferentially included women ex-
pected to undergo elective CS (fetal breech presentation, placenta 
previa, previous CS) to be able to perform cord blood samples 
for the functional study without affecting the levels of catecho-
lamines. Indeed, if spontaneous delivery occurred, massive cat-
echolamine secretion would be recorded. According to our local 
protocols, RDS prophylaxis was administered to all women un-
dergoing elective CS before 39 weeks. Fetal gender distribution 
was similar in the two groups. GA at birth and birth weight (BW) 
were significantly lower in the IUGR group compared with controls 

F I G U R E  1  (a) Identification of fetal adrenal gland on a parasagittal plan; and (b) enlargement showing the measurement of craniocaudal 
(D1) and antero- posterior diameter (D2).
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4  |    MARTINELLI et al.

(Table 1). No differences were noticed among groups in the rate of 
low Apgar scores at 5 min. As expected, the mean IUGR BW was 
significantly lower compared with controls (IUGR: 1237 g [570–
1750]; controls: 3023 g [2200–3760]; IUGR vs controls: P < 0.0001) 
(Figure 2a). Mean adrenal diameter was not significantly different 
between groups: (IUGR: 11.78 mm [7.45–15.7]; controls: 11.26 mm 
[7.15–16.05]; IUGR vs controls: P = 0.158) (Figure 2b). However, the 
mean GA at entry was significantly lower in the IUGR group (30 
vs 33 weeks; Table 1). In stark contrast, median AD/AC ratio was 
significantly greater in the IUGR group compared with controls, 
(IUGR: 0.053 [0.031–0.08]; controls: 0.041 [0.026–0.064]; IUGR vs 
controls: P < 0.0001) (Figure 2c). The ratio was not different be-
tween male and female fetuses in both IUGR and controls (data 
not shown). Scatterplots indicate that the adrenal mean diameter 
grew throughout pregnancy, in both normal and IUGR fetuses, with 
IUGR AD always larger than the AD of control fetuses (Figure 3a). 
The AD/AC ratio decreased throughout normal pregnancy. In IUGR 
fetuses, the decrease was steeper due to much higher values at 
lower GA (Figure 3b).

3.2  |  Functional study

A total of 21 fetuses were included: IUGR (n = 15), controls (n = 6). 
The characteristics of the two groups are reported in Table 2.

Only pregnancies delivered by elective CS were included in the 
functional study. Maternal age and parity were similar in the two 
groups. Corticosteroid prophylaxis was administered in all IUGR 
fetuses and in 66.6% of control fetuses. Fetal gender distribution 
was similar. GA at birth and BW were significantly lower in the IUGR 
group than in controls (Table 2). No differences were noticed be-
tween groups in the rate of low Apgar scores at 5 min.

As in the morphological study, mean AD was not significantly 
different between the two groups (IUGR: 12.36 mm [9.35–15.30]; 
controls: 11.73 mm [9.45–15.30]; IUGR vs controls: P = 0.235), while 
the median AD/AC ratio was significantly higher in IUGR fetuses 
compared with controls (IUGR: 0.055 [0.046–0.072]; controls: 0.038 
[0.029–0.045]; IUGR vs controls: P < 0.0001).

We observed significantly higher NA levels in both arterial and ve-
nous cord blood of IUGR group compared with controls (arterial, IUGR: 

F I G U R E  2  Morphological study. (a) Weight differences between control and intrauterine growth restricted (IUGR) groups; (b) adrenal 
mean diameters of control and IUGR groups; (c) differences in the adrenal/abdominal circumference (AD/AC) ratio among groups (IUGR, 
n = 42; controls, n = 23) ****P < 0.00001; *** P < 0.001. Ctrl, control.

TA B L E  1  Obstetric and neonatal characteristics for each study group (morphological study). Groups were compared as follows: 
intrauterine growth restricted (IUGR) versus controls (Mann–Whitney; significance level: P < 0.05).

IUGR (n = 16) Controls (n = 23) P < 0.05

Maternal age (year) (median [range]) 34 (19–43) 34 (19–44) - 

Nulliparity (%) 67 48 - 

GA at recruitment (week) (median [range]) 30 (23–38) 33 (26–39) P < 0.001

RDS prophylaxis (%) 98 30 P < 0.001

MgSO4 prophylaxis (%) 16 0 P < 0.05

Cesarean section (%) 97 56 P < 0.001

GA at birth (week) (median [range]) 32 (28–38) 38 (33–41) P < 0.0001

Female gender (%) 46 52 - 

Birth weight (g) (median [range]) 1245 (570–2440) 3190 (2110–4300) P < 0.0001

Birth weight centile (median [range]) 6° (0°–25°) 56° (15°–99°) P < 0.0001

Composite adverse neonatal outcome (%) 51% 0% - 

Note: Composite adverse neonatal outcome was defined by the presence of at least one of the following: neonatal intensive care unit stay >30 days, 
grade 3–4 intraventricular hemorrhage, bronchopulmonary dysplasia, necrotizing enterocolitis, grade 3–5 retinopathy of prematurity, neonatal death.
Abbreviations: GA, gestational age; RDS, respiratory distress syndrome.
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    |  5MARTINELLI et al.

3482 pg/mL [1030–6500]; controls: 951.7 [440–1950]; IUGR vs con-
trols: P = 0.014; venous, IUGR: 1409 pg/mL [370–3800]; controls: 408.5 
[10–983]; IUGR vs controls: P = 0.031); (Figure 4a). NA was also higher 
in arterial cord blood compared with venous cord blood samples in both 
IUGR and controls (IUGR, P = 0.006; controls, P = 0.039) (Figure 4a).

With regard to A measurements, more than half of the values 
were below threshold levels. Despite this, we observed significantly 
higher values in IUGR compared with controls in both venous and 
arterial samples (arterial, IUGR: 187.5 pg/mL [175–200]; controls, 
73 [31–148]; IUGR vs controls: P = 0.052; venous, IUGR: 275.3 pg/
mL [220–340]; controls, 10 [9.8–10.2]; IUGR vs controls: P = 0.005); 
(Figure 4b). We did not observe any difference between arterial 
and venous A levels within the IUGR group or within the controls 
(Figure 4b).

Cortisol blood levels showed a trend towards higher arterial 
and venous levels in IUGR compared with controls (arterial, IUGR: 

21.65 μg/dL [2.4–73.4]; controls: 18.90 μg/dL [3.5–39.90]; IUGR vs 
controls: P = 0.453; venous, IUGR: 13.88 μg/dL [0.3–56.7]; controls, 
10.86 μg/dL [0.4–33.6]; IUGR vs controls: P = 0.371); (Figure 4c). 
There were no significant differences between arterial and venous 
levels in both IUGR fetuses and controls (Figure 4c).

Interestingly, the arterial NA of the IUGR group was significantly 
higher in male fetuses than in female fetuses (data not shown); how-
ever, the number of cases in each group was too small to allow mean-
ingful speculations.

4  |  DISCUSSION

In the present study, we report, for the first time to our knowledge, 
the adrenal- sparing effect in human IUGR fetuses associated with 
changes in adrenal hormones.

F I G U R E  3  Scatterplots indicate the relationship between gestational age and adrenal diameters (a) and adrenal/abdominal circumference 
(AD/AC) ratio (b) in controls and intrauterine growth restricted (IUGR) fetuses.

TA B L E  2  Obstetric and neonatal characteristics for each study group (functional study). Groups were compared as follows: intrauterine 
growth restricted (IUGR) versus controls (Mann–Whitney; significance level: P < 0.05).

IUGR (n = 12) Controls (n = 6) P < 0.05

Maternal age (year) (median [range]) 35 (19–43) 37.5 (25–44) - 

Nulliparity (%) 75 33.4 - 

GA at recruitment (week) (median [range]) 29 (26–31) 36.5 (30–39) P < 0.001

RDS prophylaxis (%) 100 66.6 - 

MgSO4 prophylaxis (%) 8.3 0 - 

Cesarean section (%) 100 100 - 

GA at birth (week) (median [range]) 31.75 (27–35) 37.5 (34–39) P < 0.001

Female gender (%) 45.4 33.4 - 

Birth weight (g) (median [range]) 1226
(570–1750)

2935
(2200–3760)

P < 0.001
P = 0.004

Birth weight centile (median [range]) 3°
(1°–5°)

52.5°
(25°–88°)

P < 0.001
P = 0.004

Note: Composite adverse neonatal outcome was defined by the presence of at least one of the following: neonatal intensive care unit stay >30 days, 
grade 3–4 intraventricular hemorrhage, bronchopulmonary dysplasia, necrotizing enterocolitis, grade 3–5 retinopathy of prematurity, neonatal death.
Abbreviations: GA, gestational age; RDS, respiratory distress syndrome.
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6  |    MARTINELLI et al.

We observed higher AD/AC ratio in IUGR fetuses than in con-
trols, showing that the IUGR adrenal gland is larger than expected 
based on fetal size. Interestingly, the difference was increasingly 
larger at decreasing GA, indicating that the degree of adrenal sparing 
is related to the severity of the disease, since early onset IUGR are 
usually the most severe cases (Figure 3b). The absolute value of AD 
was slightly larger in IUGR than in controls despite the significantly 
lower GA of the IUGR group (Figure 3a). Also, we found significantly 
higher levels of NA in IUGR arterial and venous samples compared 
with controls. NA levels were higher in the artery than in the vein, 
in both IUGR fetuses and controls, suggesting the fetal origin of NA. 
Also, A values were significantly higher in IUGR fetuses, but without 
any difference between artery and vein in both IUGR fetuses and 
controls. The same was true for cortisol levels, although the differ-
ence between IUGR fetuses and controls did not reach statistical 
significance, probably due to the small sample size.

Recently, other studies have demonstrated relative larger ad-
renal size in SGA and/or IUGR fetuses.19–21 The main aim of these 
studies was to find new ultrasound parameters able to predict fetal 
outcome. Instead, we wanted to investigate the pathophysiology of 
IUGR in the human fetus. Therefore, we used very strict biometric 
and Doppler velocimetry criteria in order to select genuine IUGR fe-
tuses—avoiding including small but otherwise normal fetuses—and 
extended the study to measurement of the levels of the adrenal hor-
mones in the umbilical cord at birth.

In an animal model of chronic hypoxia, Poudel et al.27 found an 
increase of blood flow and of oxygen and glucose delivery to the 
adrenal gland; they also found that the fetal adrenal gland absolute 
weight was lower compared with control animals, but the adrenal 
weight relative to BW was higher in accordance with our findings. 
Thus, it can be assumed that hypoxemia induces redistribution of 
blood flows with preferential flow to the adrenal gland that main-
tains normal, or nearly normal, growth. However, this model does 
not satisfactorily explain the increased hormone secretion. Another 
more plausible explanation is that hypoxemia directly impacts on 
the pituitary–adrenal axis, inducing the increase of cortisol secre-
tion and on the sympatho- adrenal system, as has been shown in an-
imal models.28,29 Therefore, the larger adrenal measurements found 

in our study could also be explained by an increase in its function 
(Figure 5).

The key roles of NA and A in fetal homeostasis are well known. 
NA and A are catecholamines that act as both stress hormones and 
neurotransmitters. A inhibits fetal insulin secretion by acting on 
alpha- 2- adrenergic receptors on pancreatic beta- cells. This down- 
regulation of insulin secretion is aimed at maintaining catabolic dis-
position, which is essential under conditions of nutrient deficiency 
such as IUGR. Adrenal activation in growth- restricted fetuses is an 
effective adaptive response to chronic hypoxia and hypoglycemia, 
but also leads to chronic fetal catecholamine overexposure and 
possibly to long- term detrimental effects. NA and A in the blood 
vessels trigger vasoconstriction, which increases blood pressure. 

F I G U R E  5  Adrenal sparing: two possible explanations. (1) Fetal 
hypoxia induces blood flow redistribution to the advantage of brain, 
heart, and adrenal glands; the increase in blood flow supports the 
growth and function of the adrenals that produce a larger amount 
of hormones compared with normal fetuses. (2) Fetal hypoxia 
triggers the activation of the hypothalamic–pituitary–adrenal axis, 
which in turn stimulates the adrenal function and hence increases 
hormone secretion and results in larger adrenal size compared with 
normal fetuses.

F I G U R E  4  Functional study. (a–c) Noradrenaline (a), adrenaline (b), and cortisol (c) levels in fetal cord venous and arterial blood samples 
(*P < 0.05; **P < 0.01; °°P < 0.01; °P < 0.05). art, artery; Ctrl, control; IUGR, intrauterine growth restricted.
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    |  7MARTINELLI et al.

Regarding the developmental origins of hypertension, multiple 
downstream mechanisms have been described, including vascular 
alterations and hyperactivity of the hypothalamic–pituitary–ad-
renal axis.30,31 In animals, several models have been used to in-
vestigate the effects of perturbations to the fetal environment on 
subsequent hypertensive disease. IUGR rat models show endothe-
lial dysfunction and follow- up of these new- born rats showed an 
adult phenotype characterized by exercise- induced sympathetic 
over- activation and hypertension.32,33 Bibeau et al.12 reported 
that alterations in adrenal steroidogenesis and catecholamine syn-
thesis in rat IUGR fetuses were associated with the presence of 
hypoxia, oxidative stress, and the induction of genes involved in 
inflammation induction. In humans, Lurbe et al.34 demonstrated an 
increase in blood pressure (BP) during the first month of life, and 
persistence of relatively elevated BP at the end of the first year, 
indicating that children born with low birthweight were prone to 
develop a phenotype that may lead to a progressive increment of 
BP over time. Yadav et al.35 reported significant positive associa-
tions between increased BP in young adulthood and several fetal 
growth parameters, such as abdominal and head circumference, 
using trajectory modeling based on serial ultrasound measures 
during pregnancy.

More recently, systematic reviews and meta- analyses have 
confirmed the inverse association between lower BW and higher 
BP in later life, across age groups and independent of body mass 
index.35–38

This is the first study taking into consideration both morpholog-
ical and functional parameters of the adrenal glands in human IUGR 
fetuses. Unfortunately, the number of fetuses studied was too small 
to draw solid conclusions and we still lack a long- term follow- up of 
the IUGR fetuses recruited into this study.

5  |  CONCLUSION

In conclusion, our work, for the first time, shows in the human fetus 
morphological and functional alterations of the adrenal gland that 
may explain the origin of some adult diseases.
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