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ABSTRACT: Previous studies reported impaired cerebral cortical
gray matter (CGM) development and neurodevelopmental impair-
ment after neonatal dexamethasone treatment for chronic lung dis-
ease (CLD) in preterm newborns. No long-term effects on neurocog-
nitive outcome have yet been shown for hydrocortisone treatment. A
prospective study was performed to evaluate the brain growth at term
in preterm infants who did receive neonatal hydrocortisone for CLD.
Thirty-eight preterm infants (n = 19 hydrocortisone, n = 19 controls)
were matched for gestational age at birth. Gestational age and birth
weight were 27.0% 1.4 versus 27.6* 1.1 wk (p = ns) and 826* 173
versus 1017= 202 g, respectively (p < 0.05). Infants were studied at
term equivalent age. Hydrocortisone was started with a dose of 5
mg/kg/d for 1 wk, followed by a tapering course over 3 wk. A
3D-MRI technique was used to quantify cerebral tissue volumes:
CGM, basal ganglia/thalami, unmyelinated white matter, myelinated
white matter, cerebellum, and cerebrospinal fluid. Infants who were
treated with hydrocortisone had more severe respiratory distress.
There were no differences in cerebral tissue volumes between the two
groups at term equivalent age. In conclusion, no effect on brain
growth, measured at term equivalent age, was shown after treatment
with hydrocortisone for CLD. (Pediatr Res 66: 555-559, 2009)

eonatal corticosteroid exposure for treatment of chronic
lung disease (CLD) in preterm newborns, in particular
dexamethasone, is known to have an adverse effect on the
cerebral development during fetal and early postnatal life. Uno
et al. (1) reported dexamethasone-induced degeneration and
depletion of hippocampal pyramidal and dentate granular
neurons in Rhesus monkeys. Subsequently, MRI of the brain
at 20 mo of age showed a 30% reduction in size and segmental
volumes of the hippocampus in dexamethasone-treated ani-
mals compared with vehicle-treated animals.

The adverse long-term effect of neonatal dexamethasone
therapy on neurodevelopmental outcome has also been exten-
sively reported in preterm infants treated for CLD (2-4).
Dexamethasone treatment was associated with an increased
risk of cerebral palsy (2—4) and an adverse effect on cognitive
function (2—4). Furthermore, it has been shown that neonatal
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dexamethasone therapy affected the regional brain develop-
ment (1). Advanced quantitative MRI technologies have
shown a reduction in total cerebral tissue volume, in particular
the cerebral cortical gray matter (CGM) volume (5) and the
cerebellar volume in newborn infants treated with dexameth-
asone (6).

These findings suggest that there is a need for a safer
alternative for the treatment of CLD. Data published so far,
using other corticosteroids, such as hydrocortisone for treat-
ment of CLD are still scarce. In the Wilhelmina Children’s
Hospital, hydrocortisone has been used to treat CLD since the
late 70s. Hydrocortisone was shown to be equally effective in
treatment of CLD in a retrospective observational study (7).
This retrospective study also showed that children treated with
dexamethasone more often needed special education than
matched controls who were not treated with dexamethasone.
Moreover, in contrast to dexamethasone, recent studies found
no differences between children who were treated with hydro-
cortisone in the neonatal period compared with children who
did not need hydrocortisone treatment with respect to long-
term cognitive and neuromotor outcome (8—10). Furthermore,
Lodygensky et al. (8) showed no differences in the brain tissue
volumes and neurodevelopmental outcome in children as-
sessed at the age of 8 y treated with neonatal hydrocortisone
compared with children who did not receive any hydrocorti-
sone during their neonatal course. CGM and hippocampal
volumes were comparable for both groups.

All hydrocortisone studies mentioned earlier were observa-
tional and retrospective. Therefore, we decided to perform a
prospective study to evaluate the brain development at term
equivalent age in preterm infants who were treated with
hydrocortisone for CLD and compared the results to a group
of preterm infants who did not receive hydrocortisone.

PATIENTS AND METHODS

Patients. Twenty-seven preterm infants, born in the Wilhelmina Children’s
Hospital, were enrolled into the study at the time they were treated with
hydrocortisone for severe respiratory problems. Hydrocortisone was started at
a postnatal age of at least 1 wk in an infant who was ventilator dependent with
increasing oxygen requirements, which could not be explained by infection or

Abbreviations: CGM, cortical gray matter; CLD, chronic lung disease; CSF,
cerebrospinal fluid; SGM, subcortical gray matter
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a hemodynamically significant patent ductus arteriosus (PDA), but was
considered due to severe infant respiratory distress syndrome (IRDS) and/or
development of CLD, despite optimal supportive therapy (diuretics, fluid
restriction, and pulmonary aerosols). Neonatal hydrocortisone treatment
started with a dose of 5 mg/kg/d, divided into four doses for 1 week, followed
by a tapering course of 3, 2, and 1 dose(s) every 5 d (a total dose hydrocor-
tisone of 3.75, 2.5, and 1.25 mg/kg/d, respectively).

Children with cerebral lesions, more severe than grade 1 germinal matrix
hemorrhage-intraventricular hemorrhage (GMH-IVH) or PVL grade I
(periventricular echogenicity, being present for more than 7 days) on cranial
ultrasound were not included in the study. Infants with intrauterine growth
retardation were not eligible for the study. Eight of the 27 infants were
excluded because of lack of parental consent (n = 5), cerebral pathology
visible on cranial ultrasound (n = 2; one was suspected to have precystic PVL
on cerebral ultrasound, and the other infant had severe unilateral dilatation of the
occipital horn of the lateral ventricle at the moment of inclusion). Furthermore,
one patient was excluded because of movement artifacts on MR images. Even-
tually, 19 hydrocortisone-treated infants were included in the study.

These infants were matched for gestational age and whenever possible also
for gender and respiratory status. Three-matched controls were born in
Utrecht and 16 in Geneva. These children did not receive postnatal cortico-
steroids and had no intracranial lesions on their cranial ultrasounds (worse
than grade I GMH-IVH, PVL grade II-1II) or MRI at term equivalent age. All
these children had sequential cerebral ultrasound examinations after birth
according to similar ultrasound protocols in Utrecht and Geneva.

The study was approved by the local ethics committees. Written informed
parental consent was always obtained for the children included in the study.

Data acquisition. Most infants were imaged with sedation to prevent
image degradation from motion artifacts. A neonatologist was always present
during the examination. During MR examination, the neonates were placed in
a vacuum fixation pillow (Med Vac Infant Immobilizer Bag, CFI Medical
Solutions, Fenton, MI). Monitoring was performed using pulse oximetry
(Nonin, Minneapolis, MN) and respiration rate was observed using the
standard Philips equipment (Philips Medical Systems, Best, The Netherlands).
For hearing protection Minimuffs (Natus Medical Incorporated, San Carlos,
CA) were used.

Both in Utrecht and Geneva, we used a 1.5T Philips MR scanner (Philips
Medical Systems). The protocol consisted of a 3D T1 fast-gradient echo
sequence [repetition time (TR) = 15 ms, echo time (TE) = 4.4 ms, flip angle
25°], field of view (FOV) 18 cm and a double echo (T2-and proton-density)
fast-spin echo sequence (TR = 3500 ms, TE = 30/150 ms, interleaved, no gap
acquisition). Both sequences were acquired with coronal slices of 1.5 mm and
in plane resolution of 0.7 X 0.7 mm?, (FOV 18 X 18 cm?, matrix 256 X 256).

Data postprocessing. 3D Volumetric MRI: Post acquisition processing
was carried out on a workstation (Sun Microsystems, Mountain View, CA)
with specially developed software (11,12). The T2-weighted and proton
density-weighted images were registered to the T1 weighted images. Seg-
mentations of the intracranial cavity, cerebrospinal fluid (CSF), and four
tissue classes (CGM, subcortical gray matter (SGM), unmyelinated white
matter (UMWM) and myelinated white matter (MWM)) were obtained using
a semi-automatic segmentation method (13,14). Sample voxels were selected
interactively and optimal estimation of the distribution of MRI signal inten-
sities associated with each type of tissue was estimated. Initial estimates for
the tissue classifiers were manually defined by a single investigator (M.B.).
An anatomical template was aligned with the intracranial cavity of the subject
and used to disambiguate the segmentation of tissues that have overlapping
signal intensity characteristics but nonoverlapping spatial distribution. The
volume of each tissue class was quantified (Fig. 1). The sum of CGM, SGM,
UMWM, and MWM defined the total brain cerebral tissue volume. Total
cerebral tissue volume and CSF represented the intracranial volume.

Cerebellar volumes were measured by manual outlining on the T2-
weighted images of the registered 3D MRI data using Slicer (www.slicer.org)
(15). The segmentation was started on coronal slices and then corrected on
sagittal slices. Three-dimensional reconstruction of the cerebellum was per-
formed to check the quality of the segmentation (Fig. 2). A single investigator
(R.H.V.) performed all manual outlining of the cerebellum, with an intra-rater
reliability coefficient (five MRI scans) of a = 0.96.

Statistical analysis. Data are summarized as mean = SD or as median and
ranges where appropriate. Differences between groups in volume of cerebral
tissues and in clinical data were evaluated with one factorial ANOVA, with
pair wise multiple comparison procedures, followed by a posthoc Bonferroni
test if a significant difference was detected, or x> test when categorical
variables were compared. We anticipated that we needed 12 infants in each
group to detect the 35% difference in CGM observed following dexametha-
sone treatment. Furthermore, we did a bio-equivalence means power analysis
with a sample size of 20, which concluded equivalence between groups. This
means that it will be allowed to conclude equivalence between the groups

Figure 1. A, T2-weighted MR image in coronal plane. B, Final segmented
image depicting CGM in dark blue, UNMW in light blue, CSF in pink, MWM
in green, and SGM (basal ganglia) in yellow. (Scale bar = 5 cm, L = left).

Figure 2. 3D reconstruction of manual cerebellar outlining of reconstructed
3D image slices using 3D Slicer software. (Scale bar = 5 cm, L = left). The
figure is distorted to give a 3D impression of the cerebellum.

when no statistical differences will be found with a sample size of 20 (Power
90%, 10% one side significant level). Statistical analyses were performed with
SPSS for windows (SPSS version: 12.0).

RESULTS

Clinical characteristics. Table 1 summarizes the clinical
data of the two groups. The infants treated with hydrocorti-
sone had lower birth weights (826 = 173 g versus 1017 =
826 g; p < 0.05), without a significant difference in head
circumferences at birth (24.3 + 2.2 cm versus 25.3 = 1.7 cm),
compared with the control group. However, at term equivalent
age they had comparable weight (3016 = 735g versus 3121 =
524g, p = ns) and head circumference (34.8 = 2.4 cm versus
35.3 = 1.5 cm; p = ns). The difference between the pulmo-
nary status of both groups was significant: The infants treated
with hydrocortisone had more severe respiratory distress than
the control infants, although the number of infants treated with
antenatal steroids was similar for both groups (n = 17 versus
n = 16): hydrocortisone patients received more often surfac-
tant (18 versus 8 infants, p < 0.001), required a longer period
of ventilation than the infants in the control group (19 versus
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Table 1. Clinical characteristics of the hydrocortisone-treated and
the matched nonhydrocortisone-treated infants

HC CTRL
(n = 19) n=19) )4
Gestational age (wk) 270+ 14 27.6 = 1.1 NS

Birthweight (g) 826 £ 173 1017 £202 <0.05
Weight at term (g) 3016 = 735 3121 = 524 NS
Head circumference

At birth (cm) 24322 253*=1.7 NS

At term (cm) 348 +24 353*1.5 NS
Gender

Female, n (%) 4(21) 8 (42) NS

Male, n (%) 15 (79) 11 (58) NS
Postnatal age at MRI (wk) 41.1 = 0.8 40.8 £ 1.0 NS
Apgar score (range)

At 1 min 6-8 2-9

At 5 min 8-10 5-10
Antenatal steroids, n (%) 16 (84) 17 (89) NS
Assisted ventilation duration (d) 19 =8 32 <0.01
Surfactant, n (%) 18 (95) 8 (42) <0.01
CPAP (d) 49 = 34 28 £ 15  <0.05
O, dependence (d) 71 =28 33 £25 <0.001
Postnatal age at start HC

Median (range) (d) 14 (7-44)

7-21d (n) 15

>21d (n) 4
Inotropic support for hypotension, 17 (89) 9 (47) <0.05

n (%)

PDA, n (%) 14 (74) 9 (47) <0.05
NEC, n (%) 3(16) 1(5) NS
Morphine, n (%) 18 (95) 6 (32) <0.001
Postnatal proven sepsis, n (%) 12 (63) 6 (32) <0.05

Values are expressed as mean * SD.
CPAP, continuous positive airway pressure; PDA, patent ductus arteriosus;
NEC, necrotizing enterocollitits.

3d, p <0.001 respectively), and needed CPAP and additional
oxygen for a longer period (CPAP: 49 versus 28 d, p < 0.05
and oxygen: 71 versus 33 d, p < 0.001 respectively). Finally, the
hydrocortisone-treated infants needed more blood pressure sup-
port (17 versus 9, p < 0.05) and developed more blood culture
proven sepsis, mostly coagulase negative Staphylococcus (12
versus 6, p < 0.05). The control infants did not receive hydro-
cortisone or dexamethasone at any time during admission.
MRI volumetric measurements. All infants had their MRI
between 38 and 43 wk postmenstrual age (Table 1). Age at
MRI was equivalent between the groups (40.8 = 1.0 wk
versus 41.1 = 0.8 wk respectively for controls versus hydro-
cortisone infants). Table 2 and Fig. 3 show the results of the
quantitative volumetric measurements for CGM, SGM,

UMWM, and MWM and CSF, and cerebellum. No significant
differences were observed between the two groups, especially
not for CGM and total cerebral and cerebellar volumes. The
analyses for brain volumes were adjusted for gestational age
and postmenstrual age at scan, this did not change the results.

DISCUSSION

In the present study, we compared brain development in 38
preterm infants who did or did not receive postnatal treatment
with hydrocortisone for CLD. Using quantitative volumetric
MRI techniques, we showed that volumes of total cerebral and
cerebellar volumes, and volumes of gray and white matter
were not significantly different in both groups at term equiv-
alent age. This was even so without correction for confound-
ing factors such as significant difference in birth weight,
severity of CLD and the fact that the infants treated with
hydrocortisone in the neonatal period had more complications
during the first weeks of life as indicated by their pulmonary
status, the higher need for inotropic support and the higher
incidence of proven sepsis (16). Moreover, the volumes of all
the cerebral tissue classes were comparable with previously
published results, using the same advanced MRI techniques
(5,11,17-20).

We were able to study a larger group of infants than
Murphy et al. (5), who found an impairment in brain growth,
principally affecting cerebral CGM, following neonatal dexa-
methasone therapy in seven preterm infants using the same
advanced MRI techniques. The average CGM volumes mea-
sured in hydrocortisone infants (172 mL) were larger than
average CGM volumes in Murphy’s dexamethasone infants
(130 mL), which suggests that postnatal dexamethasone alters
cerebral development in premature infants more than postnatal
hydrocortisone.

Recent retrospective observational studies, using matched
controls never treated with corticosteroids, already showed
that preterm born infants who were treated with hydrocorti-
sone during the neonatal period were not different with regard
to cognitive, neurodevelopmental and motor outcome at 8§ to
10y (9,10). Moreover a volumetric MRI study at 8 y showed
no differences in hippocampal and gray matter volumes in
preterm born children who received hydrocortisone during the
neonatal period compared with a matched control group of
children born preterm (8). These retrospective observational
studies already suggested that the use of hydrocortisone for
treatment of CLD did not adversely affect neurodevelopmental

Table 2. Volumes in mean*x SD (confidence interval 95%) and the mean difference (confidence interval 95%) of the various tissue classes
measured by 3D volumetric MRI (in milliliters) without statistical difference (p < 0.05)

HC (n = 19)

Mean difference

Cortical gray matter
Unmyelinated white matter
Myelinated white matter
Subcortical gray matter
Cerebrospinal fluid

Total cerebral volume
Total intracranial volume
Cerebellum

172 = 32 (155 — 183)
177 = 27 (162 - 191)
83+22(7.1-925)
19 =3 (17-21)
49 + 18 (37 - 58)
377 * 52 (349 - 398)
425 + 63 (393 — 449)
23 +4(19 - 25)

CTRL (n = 19) (confidence interval 95%)
183 = 38 (172 - 199) —10(—34t0 12)
194 = 32 (180 - 209) —17 (—37t0 3)
8.7 £2.8(7.7-10.0) —04(—2.1t01.2)
21 =4(19-22) —2(—4tol)
57 = 27 (48 - 68) —8(—23t07)
407 £ 62 (385 —435) —30(—68t0 8)
464 = 70 (440 - 496) —38(—82t05)
24 = 4 (20 - 26) —1(—4-2)
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Figure 3. Cerebral cortical gray matter volumes, total cerebral tissue, and cerebellar volume in preterm infants at term who were never treated with postnatal
hydrocortisone (CTRL) (n = 19), and preterm infants at term previously treated with postnatal hydrocortisone (HC; n = 19) (expressed as means with 2 SD bars).

outcome, in contrast to the prospective randomized controlled
studies that showed an adverse effect of dexamethasone used
for this indication (2,3,21).

Although it is still to be shown that shorter courses of
dexamethasone with lower dosages, used nowadays to treat
CLD of prematurity, also have an adverse effect on neurode-
velopmental outcome, there are several reasons to use hydro-
cortisone rather than dexamethasone. The impact of glucocor-
ticosteroid exposure on the developing brain is dependent on
the expression of mineralocorticoid receptors and glucocorti-
coid receptors on the neurons and microglial cells and the
affinity of a particular glucosteroid for these receptors (22,23).
Hydrocortisone has a mainly mineralocorticoid-mediated ac-
tivity and a much shorter half-time (8—12 h) compared with
dexamethasone which has mainly a glucocorticosteroid-
mediated action, a much longer half time (up to 48 h) trigger-
ing accumulation in the brain and an anti-inflammatory action
up to 25 to 30 times higher than hydrocortisone (24). More-
over, animal studies have shown that activation of glucocor-
ticoid receptors lead to adverse effects on neuronal cells such
as promotion of apoptotic activity of granular cells in the
hippocampus (1). In contrast to glucocorticoid receptors, min-
eralocorticoid receptors are protective against apoptosis by
up-regulation of anti-apoptotic proteins. Another mechanism
may also play an important role here: 11-f3-hydroxysteroid
dehydrogenase type 2, which has a high expression in the fetal
brain and several regions of the neonatal brain, acts as hydro-
genase, inactivating cortisol (hydrocortisone is equivalent to
cortisol) through conversion to dehydrocorticosterone and
cortisone. Thus, it protects against abundant mineralocorticoid
receptors and glucocorticoid receptors binding of exogenous
corticosteroid exposure. This mechanism does not apply to
exogenous dexamethasone treatment since this compound
cannot be converted by 11-f3-hydroxysteroid dehydrogenase
type 2, which may, at least partly, explain the negative effect
of dexamethasone on brain development compared with hy-
drocortisone. Loss of 11-B-hydroxysteroid dehydrogenase
type 2 from the fetus and fetally derived tissue has been shown
to alter development of the cerebellum (25,26). Although
lowering the dose of dexamethasone could be one strategy to
prevent abundant glucocorticoid receptors binding by dexa-

methasone, lower dosages used in the study of Parikh et al. (6)
still affected brain growth.

Given the results of the present study, the circumstantial
evidence provided by several retrospective matched-
controlled studies, the above mentioned considerations and the
fact that it seems to be clinically as effective as dexamethasone
(7), we would suggest that hydrocortisone is a better choice
than dexamethasone for the treatment of CLD in preterm
infants.

Nevertheless, the present study has several limitations, like
the relatively small number of patients included and the fact
that the matched controls were partly derived from a different
institution (the University Hospital of Geneva) compared with
the hydrocortisone patients who all came from one center (the
Wilhelmina Children’s Hospital of the University Medical
Center Utrecht). At the time of this study, it was not yet
routine to perform MRI at term equivalent age in high-risk
preterm infants. Permission for an MRI at term equivalent age
was not often obtained in the absence of severe intracranial
lesions and when no hydrocortisone treatment was given.
Geneva has a long-standing reputation as a center of expertise
for performing neonatal MRI, also for infants with less severe
neonatal problems. Since antenatal and neonatal intensive care
treatment policies of very low birth weight infants and popu-
lation backgrounds are comparable between these two hospi-
tals and MRI acquisition protocols at term equivalent age were
identical, combining data from the two centers was considered
acceptable. MRI measures of tissue volume may be impacted
by differences of MRI electronics noise, by gradient nonlin-
earity, by BO and B1 inhomogeneities, and by subject-specific
physiologic factors. However, the impact of these MRI phe-
nomena is much smaller than the inter-subject variability in
tissue volume, and so we did not attempt to measure or
compensate for these phenomena (27).

Segmentation of the newborn brain MRI is challenging due
to the small size of the developing brain. With the intensity of
UMWM being somewhere between gray matter and CSF,
partial volume averaging between these two tissues may result
in small misclassification at border zones of these two tissues,
which is a limitation of the technique. However, the algorithm
used here has been developed and validated specifically for
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neonatal brain MRI. Validation experiments have demon-
strated the tissue classification algorithm has high reproduc-
ibility (13), and is robust in the presence of signal intensity
artifact (14). Comparison of estimates of CSF volumes from
MRI to fluid removed indicates the algorithm has high abso-
lute accuracy (28).

It is also unlikely that under powering of the study may
have prevented a reliable result: in spite of the fact that the
hydrocortisone group consisted of sicker prematurely born
infants with lower birth weights, who had a higher need for
inotropic support because of hypotension and more intense
ventilatory support with significantly higher oxygen needs,
and were more often affected by a septicemia, which was
recently shown to adversely affect the white matter (16,29), no
difference in MRI-determined brain development was detected
compared with a healthier control group. Rather than to
prolong the study period by trying to collect all infants in one
NICU-center, we choose for the best possible matching by
collaborating with Geneva, where the volumetric analysis was
performed.

In conclusion, in this small group of preterm infants we
were unable to show an adverse effect of hydrocortisone on
cerebral growth at term equivalent age, using volumetric
3D-MRI techniques. The preterm infants who received hydro-
cortisone for severe respiratory problems were compared with
age-matched controls who experienced less severe respiratory
problems and were less often affected by a septicemia. This
study would support our previous retrospective observational
long-term follow-up data after neonatal treatment with hydro-
cortisone in contrast to dexamethasone treatment. We nowa-
days tend to restrict neonatal corticosteroid therapy to excep-
tional clinical conditions. When corticosteroid therapy is
considered, hydrocortisone may be a safer alternative than
dexamethasone. A randomized controlled trial for hydrocor-
tisone would be welcome to possibly further substantiate our
findings.
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