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Abstract

Introduction: Spontaneous preterm birth prior to 32weeks' gestation accounts for
1% of all deliveries and is associated with high rates of morbidity and mortality. A total
of 70% are associated with chorioamnionitis which increases the incidence of morbid-
ity, but for which there is no noninvasive antenatal test. Fetal adrenal glands produce
cortisol and dehydroepiandosterone-sulphate which upregulate prior to spontaneous
preterm birth. Ultrasound suggests that adrenal volumes may increase prior to pre-
term birth, but studies are limited. This study aimed to: (i) demonstrate reproducibility
of magnetic resonance imaging (MRI) derived adrenal volumetry; (ii) derive normal
ranges of total adrenal volumes, and adrenal: body volume for normal; (iii) compare
with those who have spontaneous very preterm birth; and (iv) correlate with histo-
pathological chorioamnionitis.

Material and methods: Patients at high risk of preterm birth prior to 32 weeks were
prospectively recruited, and included if they did deliver prior to 32weeks; a control
group who delivered an uncomplicated pregnancy at term was also recruited. T2
weighted images of the entire uterus were obtained, and a deformable slice-to-vol-
ume method was used to reconstruct the fetal abdomen. Adrenal and body volumes
were obtained via manual segmentation, and adrenal: body volume ratios generated.
Normal ranges were created using control data. Differences between groups were
investigated accounting for the effect of gestation by use of regression analysis.
Placental histopathology was reviewed for pregnancies delivering preterm.

Results: A total of 56 controls and 26 cases were included in the analysis. Volumetry
was consistent between observers. Adrenal volumes were not higher in the case
group (p=0.2); adrenal: body volume ratios were higher (p=0.011), persisting in the

presence of chorioamnionitis (p=0.017). A cluster of three pairs of adrenal glands

Abbreviations: MRI, magnetic resonance imaging.
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1 | INTRODUCTION

Very preterm birth before 32 weeks of gestation accounts for 1.2%
of all deliveries in the UK! and is associated with significant short-
and long-term morbidity, as well as perinatal mortality.? Between
40% and 70% of spontaneous preterm births are associated with
chorioamnionitis,® although this is inversely associated with gesta-
tion with the incidence rising to 94% when delivery occurs prior to
24weeks' gestation.* Chorioamnionitis is a histopathological diag-
nosis that is divided into a maternal immunological and a fetal in-
flammatory response.’ Chorioamnionitis is associated with poorer
neurological and respiratory outcomes, and a higher rate of necrotiz-
ing enterocolitis than in gestation matched controls.®

There is currently no diagnostic noninvasive antenatal test for
chorioamnionitis, and routine clinical practice involves monitor-
ing for maternal signs and symptoms, which correlate poorly with
histopathological diagnosis or outcome.® Components of the fetal
immune system, such as the thymus, have been investigated as po-
tential markers of fetal infection with promising results,” although
this is yet to be translated into clincal practice. The adrenal gland,
which sits above the kidney, has a significant role in steroidogenesis
and plays a role in stress response to inflammation by production of
cortisol. Given the inflammatory processes the fetus undergoes sec-
ondary to chorioamnionitis, assessment of the fetal adrenal glands
may prove a valuable diagnostic tool.

While ultrasound assessment of the adrenals has been investi-
gated as a biomarker of both placental insufficiency® and preterm
birth,>1° this has never been integrated into clinical practice, per-
haps because of difficulty replicating results in a small and irregu-
larly shaped organ and heterogeneity of populations investigated.
Normal length and thickness of adrenal glands in healthy fetuses
has been derived from fetal magnetic resonance imaging (MRI),*
but volumetric ranges have been suggested based on post-mortem
cases only.*?

We hypothesize that increased adrenal activation prior to spon-
taneous preterm will result in gland enlargement. To test this, the
aims of this study were to (i) demonstrate reproducibility of MRI
derived adrenal volumetry; (ii) derive normal ranges of total adre-
nal volume, and adrenal to body volume for fetuses with normal

below the fifth centile were noted among the cases all of whom had a protracted
period at risk of preterm birth prior to MRI.

Conclusions: Adrenal: body volume ratios are significantly larger in fetuses who go
on to deliver preterm than those delivering at term. Adrenal volumes were not sig-
nificantly larger, we hypothesize that this could be due to an adrenal atrophy in fe-
tuses with fulminating chorioamnionitis. A straightforward relationship of adrenal size

being increased prior to preterm birth should not be assumed.

adrenal gland, chorioamnionitis, fetal inflammatory response syndrome, fetal MRI, preterm
birth, preterm prelabor rupture of the membranes

Key message

Adrenal volumes can be reliably calculated on MRI. An in-
crease in adrenal: body volume ratio occurs in fetuses who
go on to deliver preterm, adrenal volumes are not consist-
ently increased perhaps because of an atrophic process as-
sociated with preterm birth pathology.

outcomes; (iii) compare these to those who have had spontaneous
very preterm birth; and (iv) correlate with those who have a histo-

pathological diagnosis of chorioamnionitis with or without funisitis.

2 | MATERIAL AND METHODS

Pregnant patients between 18 and 317° weeks’ gestation, consid-
ered to be at high risk of preterm birth, were prospectively recruited
from a large tertiary London hospital between December 2015 and
April 2022 as part of an observational study. Inclusion criteria were
preterm prelabor rupture of the membranes (PPROM), exposed
membranes, or a >75% risk of delivery before 32weeks' gestation
based on cervical length, quantitative fetal fibronectin and pre-
existing risk factors for spontaneous preterm birth based on the
QUIPP app score.'® Exclusion criteria were contraindication to MRI,
any other obstetric complications such as hypertension or diabetes,
twin pregnancy, chromosomal or structural abnormalities, active
labor, and inability to given informed consent.

The control group was retrospectively obtained from low-risk
pregnancies that delivered at term where woman had volunteered
to have an MRI for research as controls. All cases followed the pro-
tocols and post processing techniques described below.

Fetal MRI was obtained on a Phillips Achieva 3T system with a
32-channel coil. Imaging was obtained with patients in a supported
supine position and with continuous heart rate and oxygen satura-
tion monitoring. Total scan length did not exceed 1h, with a short
break offered halfway through the examination if needed.
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Imaging of the fetal body was acquired using 2D T2 weighted
single-shot turbo spin echo in between three and seven orthog-
onal planes reorientated with respect to the maternal habitus or
the fetal body and brain. The following scanning parameters were
used: TR=25991 ms, TE 180 ms; slice thickness 2.4 mm; slice over-
lap 1.25mm and in-plane resolution of 1.251x1.251x1.21 mm;
flip angle=90°. Three-dimensional MR images with 0.8 mm iso-
tropic resolution of the fetal abdomen were obtained from the
resulting motion corrupted T2-weighted MRI stacks using de-
formable slice-to-volume reconstruction to correct for motion
artifacts.*

The fetal adrenals were segmented manually and reconstructed
using ITK-SNAP version 3.6.0 (Figure 1).) Intra- and interobserver
variability was confirmed by two experienced operators (authors
MH, 3years' fetal MRI experience, and LS, 12 years' fetal MRI expe-
rience). Difficult cases were reviewed by a specialist perinatal radiol-
ogist with expertise in fetal MRI (author AE, 16years' experience).
Body volume was also calculated via manual segmentation and re-
construction on ITK-SNAP.

Collected outcome data included maternal demographics, mater-
nal steroid administration, gestation at delivery, sex of infant, birth-
weight, birthweight centile (viaINTERGROWTH-21 charts), neonatal
unit admission, number of days of intensive and high dependency
care, invasive ventilation, continuous positive airway pressure, sup-
plemental oxygen, sepsis and necrotizing enterocolitis. A composite
outcome score consisting of intraventricular hemorrhage grade 3-4,
persistent periventricular echo densities, necrotizing enterocolitis,
chronic lung disease (defined as supplementary oxygen requirement
at 36weeks' corrected gestation), and retinopathy of prematurity
requiring treatment was calculated for all neonates who survived
to discharge.’® Where available, placental histopathology for a pa-

tient who delivered preterm was reviewed by a specialist perinatal

histopathologist, with chorioamnionitis and funisitis defined as per

the Amsterdam criteria.’

2.1 | Statistical analyses

Two-way random effect intraclass correlation coefficients were
used to confirm intra- and interobserver consistency. Normality was
assessed using the Kolmogorov-Smirnov method. For the control
group, the Royston and Wright method®” was used to estimate nor-
mal growth trajectory of adrenal gland volume and adrenal: body
ratios between 20 and 35 weeks' gestation. Demographic and neo-
natal outcome data were analyzed using student t test where data
were continuous, and chi-squared test were categorical. Differences
between groups were investigated accounting for the effect of ges-
tation by use of regression analysis. Statistical analysis was under-
taken in SPSS version 28; centile graphs were then created using
Microsoft Excel.

3 | RESULTS

Recruitment of high-risk cases is summarized in Figure 2. Of the 26
patients analyzed, 14 had PPROM prior to MRI. Prior to MRI, 14 pa-
tients had received a complete course of antenatal corticosteroids,
five patients had a single dose, and seven patients had not received
any doses. Placental histopathology was available for 23 cases: 20
demonstrated chorioamnionitis, with 14 also having funisitis. The
mean time from MRI to delivery was 9.65days (SD 9.47).

A total of 56 control cases were identified, all of whom delivered
after 37 weeks of gestation without any maternal or fetal complica-

tions. Clinical characteristics of cases and controls are given in Table 1.

FIGURE 1 Adrenal segmentation in a control fetus at 31+¢ weeks' gestation. Adrenal gland: blue; renal parenchyma: green; renal

collecting system: red. (A) coronal, (B) sagittal, (C) axial.
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Segmentation was undertaken with acceptable intra- and in-
terobserver variability (intraobserver variability =0.96; interobserver
variability=0.97). The distribution of total adrenal volumes and ad-
renal: body ratios for all controls can be seen in Figure 3 alongside
derived centile lines. Cases that delivered preterm had significantly
higher adrenal: body volume ratios (p=0.011; 95% Cl: 0-0.001),
although this did not persist for adrenal volumes alone (p=0.2)
(Figure 3). Similarly, adrenal: body volumes were significantly higher
in cases that went on to be diagnosed with chorioamnionitis (with
or without funisitis), although numbers are small (p=0.017; 95% Cl:
0-0.001) (Figure 4). Consistent with previous work, body volumes of
fetuses who were born preterm were smaller than the control group
(p<0.001).3% Given the impact of exogenous steroids on adrenal
function, this relationship was explored, but no effect was detected
(adrenal volumes p=0.558; adrenal: body volumes p=0.889).

Possible causes of adrenal gland volumes <5th centile were
considered as these cases were unexpected in this patient group al-
though there was no difference in timing of antenatal corticosteroids
or composite neonatal outcomes at discharge for this group. All three
were diagnosed with chorioamnionitis and funisitis, although this

was not unique to this group. It was noted that all three cases had

a prolonged antenatal course deemed to be at high risk of preterm
delivery prior to MRI, and delivered either spontaneously or iatro-
genically for suspected chorioamnionitis very shortly after the MRI.
There were 5s trimester pregnancy losses and three neonatal
deaths among the high-risk group secondary to complications of se-
vere prematurity. Of the infants who survived to discharge, two had
composite neonatal outcome scores of two; six of one; and all re-
maining infants scored 0. There were no adverse neonatal outcomes

or admissions to the neonatal unit among the control group.

4 | DISCUSSION

In this study, we demonstrate feasibility of visualization of fetal ad-
renal glands on MRI, with assessment of volume that is clinically ac-
ceptable in its reproducibility2°; report normal range of total fetal
adrenal volumes and show a positive relationship between adrenal
gland volume and gestational age, alongside a decrease in adrenal to
body volume. Adrenal volume: body ratio seems to increase around
term, likely due to physiological changes around labor, although a

larger sample would be required to confirm this. Adrenal to body

Number of women
approached = 71

Number of women
who declined to
participate =9

parameters = 6

Number of cases
excluded owing to
identification of other
pathology = 1

FIGURE 2 Flow chart illustrating high risk recruitment.

Number of women
who underwent MRI
=39
Number of women Number of women
delivering prior to 32 delivering at or
weeks = 33 beyond 32 weeks =
6
Number of scans that
failed reconstruction
owing to motion Number of scans
artefact or suitable for analysis =
suboptimal 26
acquisition



HALL ET AL.

TABLE 1 Clinical characteristics of cohort.

Characteristic

Term cohort (n=56)

Maternal age (year) 33.57 (4.08)
Mean (SD)
BMI (kg/m?) 22.42(2.28)
Mean (SD)
Ethnicity, n (%)
White 44(79)
Black 6(11)
South Asian 2 (4)
East Asian 1(2)
Other 2(4)
Missing 1(2)
Ethnicity grouping, n (%)
White 44 (79)
Non-white 11 (20)
Parity, n (%)
Primiparous 38 (68)
Multiparous 18 (32)
GA at MRI (week) 28.31(4.18)
Mean (SD)
GA at birth (week) 39.40(1.29)
Mean (SD)
Birthweight (g) 3433
Mean (SD) (426.70)
Range (g) 2485 to 4400
Birthweight centiles of live births, median 63 (35 to 83)
(interquartile range)®
Sex of infant, n (%)
Female 23(50)
Male 23 (50)
Undetermined 0
Outcome, n (%)
Live at discharge 60 (100)
Death prior to discharge 0
Second trimester pregnancy loss 0
Neonatal death 0

Preterm cohort (n=26) p-value (95% ClI)

32.57(5.33) 0.21(-0.261 to 0.674)

23.87 (3.50) 0.22 (-2.73 t0 0.38)

15 (58)
4(15)
5(19)
1(4)
1(4)
0

15(58) 0.04
11 (42)

14 (54) 0.22
12 (46)

25.21(3.32) 0.002 (1.13 to 4.8)

26.47 (3.42)

993.38
(390.09)

360 to 1865
57 (53 to 81)

15(58) 0.61
11 (42)
0

18 (69)
8(31)
5(19)
3(12)

<0.001

Note: Continuous data analyzed using student's t test; categorical data using Chi?.

Abbreviations: BMI, body mass index; Cl, confidence interval; GA, gestational age; MRI, magnetic resonance imaging.

2Centiles not available for deliveries <23 weeks' gestation.

volume was higher in pregnancies that went on to deliver preterm,
although the same did not hold true of adrenal volumes alone.

A study of 204 fetuses generated normal ranges for the fetal ad-
renal gland using virtual organ computer aided analysis (VOCAL, a
3D ultrasound technique) for healthy fetuses from 24 to 37 weeks'
gestation.?! Similar to our study, they demonstrate forward organ
growth with gestation; the same relationship holds true when 3D
gland volume is predicted using a manual polynomial formula rather
than VOCAL.?? While this could be a useful technique, image ac-
quisition is restricted by oligohydramnios, making it less clinically

relevant to patients at high risk of preterm labor. Nonetheless, ultra-
sound assessment of the fetal adrenal for the prediction of preterm
birth in high risk patients has been attempted. While three studies
have previously demonstrated either whole gland or fetal zone en-
largement, the use of clinically unavailable techniques, or need for
highly experienced sonographers, are likely to have hindered clinical
translatability.%23:24

To our knowledge, two previous studies have attempted to as-
sess the normal fetal adrenal gland on MRI: one used single coronal

images to determine a length and thickness to the gland'!; however,
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FIGURE 3 Magnetic resonance imaging (MRI) derived normal ranges (with 50th centile, 5th centile and 95th centile lines as indicated)
of (A) fetal adrenal volumes and (B) fetal adrenal: body volume ratios in fetuses who subsequently deliver at term and those who deliver

preterm. Centiles were calculated using the Royston and Wright method.

there was no consistency in slice used and it is unclear which mea-
surements of the adrenal are most affected by volumetric change
rendering this less relevant. Assessment of whole volumes is likely
be more applicable to clincial practice. A second study assessed
postmortem fetal adrenal volumes,*? although the value of postmor-
tem volumes is limited by changes in gland function and size during
pathological processes prior to death.

One human study has demonstrated that fetuses born with in-
tramniotic inflammation have higher adrenal volumes as well as
higher amniotic fluid dehydroepiandrosterone-sulfate (DHEAS) and
cortisol, suggesting hypothalamic-pituitary-adrenal activation as a

mechanisms of gland enlargement?>; a finding further supported by
evidence of increased DHEAS and cortisol in patients who deliver
preterm with intramniotic infection than without.?® These findings
corroborate our work by suggesting upregulation of adrenal func-
tion in fetuses at high risk of preterm birth.

An unexpected finding in our study was a cluster of adrenal
gland volumes in three fetuses who delivered preterm below the
fifth centile. We propose that this is secondary to fulminating
chorioamnionitis: all cases had protracted periods where they
were deemed to be at high risk of preterm labor and delivered
shortly after MRI; all three were found to have chorioamnoinitis
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FIGURE 4 Magnetic resonance imaging (MRI) derived normal ranges (with 50th centile, 5th centile and 95th centile lines as indicated) of
(A) fetal adrenal volumes and (B) fetal adrenal: body volume ratios in fetuses who subsequently deliver preterm (<32 weeks' gestation) with

and without chorioamnionitis and funisits as compared to term.

and funisitis. This is supported by neonatal findings demonstrat-
ing smaller adrenal glands in a chorioamnionitis exposed group
compared to gestation matched unaffected neonates.?’” No study
has analyzed postmortem adrenal weights of infants exposed to
chorioamnoinitits, although there is evidence of cortical lipid de-
pletion and cytolytic degeneration.?® In adults exposed to sepsis
prior to death, adrenal atrophy is an expected postmortem finding
in cases with exposure to steroids.?? As well as exposure to en-
dogenous steroids that are not subject to normal negative feed-
back loops, fetuses with protracted chorioamnionitis may also be

exposed to increased maternal steroids (related to both an im-
mune response to inflammation®° and placental overproduction of
corticotropin-releasing hormone [CRH]) and exogenous antenatal
corticosteroids: it is conceivable that a similar mechanism is at
work in this group (Figure 5).

This is the first MRI study to give volumetric normal ranges of
the fetal adrenal glands, and the first to compare to cases of sponta-
neous preterm delivery. MRl is likely to be valuable over ultrasound
in this case given the relative size of the adrenals at earlier gesta-
tions, and the difficulty in obtaining high quality anatomical data on
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Increased fetal adrenal activation

_——————

Prolonged exposure to fetal and maternal
cortisol +/- exogenous antenatal
corticosteroid administration

l
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FIGURE 5 Hypothesized mechanism of reduction in adrenal size secondary to exposure to chorioamnionitis.

ultrasound in any case of oligohydramnios. The application of de-
formable slice-to-volume reconstruction increases the reliability, as
does review of the images by a senior clinician very experienced in
fetal body MRI.

However, the sample size is small for both cases and controls,
and the validity of results would be improved with a larger dataset
including a particular focus at earlier gestational ages among the
controls. All scans were undertaken in a single unit, and not all cases
had placental histopathology. Owing to national protocols on ante-
natal corticosteroid administration, it was not possible to meaning-
fully control for this variable. Alongside antenatal corticosteroids, a
multiple logistic regression could be performed using a larger sam-
ple size and considering data such as cervical length and inflamma-
tory markers. Many datasets were obtained in studies where body
imaging was not the primary purpose, and so only 74% of images
reviewed were suitable for analysis; however, this has increased to
89% more recently, a number we anticipate will continue to rise.
There is a slight disparity in ethnicities between the cases and con-
trols which must be addressed in order to make these findings more
universally applicable.

While we agree that enlarged fetal adrenals appear to occur in
fetuses who go on to deliver preterm, further work is required to
establish if small adrenals (<5th centile) is indicative of a more severe
phenotype which could be useful in determining timing of delivery.
Whether these cases had a period of enlargement is unclear and
acquisition of longitudinal data would help explore this. Within an
increased sample, further work should be done correlating results
to placental histopathology, as well as short- and long-term neonatal
outcomes. There is currently no evidence regarding the impact of
corticosteroid administration on fetuses who subsequently do not
deliver preterm, and this would be of interest in better understand-
ing the impact of iatrogenic steroids alone. There could be a role
for correlation with amniotic fluid adrenal hormones, but this ave-
nue is confounded by placental derived adrenal hormones. As well
as further optimizing image techniques and developing automatic

segmentation pipelines, application of functional imaging tech-
niques may reveal further changes associated with preterm birth
and chorioamnionitis; this alongside volume can be considered as
part of a larger model for prediction of preterm chorioamnionitis.
Assessment in conjunction with the fetal thymus, which is a major
immune organ in the fetus, may give further information on the in-

teraction between immune and stress responses.

5 | CONCLUSION

Assessment of fetal adrenal gland volume is achievable in a clinically
reliable manner. Adrenal gland to body volume ratio is increased in
fetuses who go on to deliver extremely preterm. This work supports
adrenal assessment as part of a tool for prediction of chorioamnio-
nitis and preterm birth; but application of adrenal volumes alone
into clinical practice, as has been previously suggested, should not
be undertaken until further investigation of the potential finding of

atrophy has been further explored.
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