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Abstract

Introduction: Patients with classical congenital adrenal hyperplasia (CAH) have prenatal and
postnatal hormonal imbalances. To characterize the ontogeny of reported brain and behavior
changes in older children with CAH, we aimed to study brain structure in infants with CAH
compared to healthy controls.

Methods: We performed neuroimaging in 16 infants with classical CAH due to 21-hydroxylase
deficiency [8 males, gestational age 38.2 + 1.7 weeks, post-conceptional age (PCA) 42.2 + 3.0
weeks] and 14 control infants (9 males, gestational age 38.5 + 1.8 weeks, PCA 42.5 + 2.4 weeks)
utilizing 3-Tesla magnetic resonance imaging. Regional brain volumes were adjusted for PCA and
sex, along with an additional adjustment for total brain volume (TBV), for group comparisons

by regression analyses [mean, 95% confidence interval (CI)]. The degree to which each brain
region was differentiated between CAH and control infants was examined by refaimpo analyses,
adjusting for all other brain regions, PCA, and sex.

Results: Infants with CAH had significantly smaller thalamic volumes [8606 mm3, 95% ClI
(8209, 9002)] compared to age-matched control infants [9215 mm3, 95% CI (8783, 9647); B
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=-609; p=0.02], which remained smaller after further adjustment for TBV. Upon further
adjustment for TBV, the temporal lobe was larger in infants with CAH [66817 mm3, CI (65957,
67677)] compared to controls [65616 mm3, CI (64680, 66551); p = 1202, p= 0.03]. The brain
regions most differentiated between CAH vs controls were the thalamus (22%) and parietal lobe

(10%).

Conclusions: Infants with CAH exhibit smaller thalamic regions from early life, suggesting

a prenatal influence on brain development in CAH. Thalamic emergence at 8-14 weeks makes
the region particularly vulnerable to changes in the intrauterine environment, with potential
implications for later maturing brain regions. These changes may take time to manifest, meriting
longitudinal study through adolescence in CAH.
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congenital adrenal hyperplasia; 21-hydroxylase deficiency; brain development; magnetic
resonance imaging; newborn; pediatrics

INTRODUCTION

Congenital adrenal hyperplasia (CAH) due to 21-hydroxylase deficiency is the most
common primary adrenal insufficiency in children, affecting 1 in 14,000-18,000 live
births in the severe classic form [1]. Patients with CAH also have adrenal androgen
overproduction due to disrupted steroidogenesis, which begins as early as week 7 of
gestation with the development of the adrenal gland. Thus, fetuses with CAH experience
disruptions to the intrauterine hormonal environment that persist throughout pregnancy
until postnatal treatment is started. These early alterations are known to impact long-term
neurodevelopment in fetuses by affecting early brain developmental trajectories [2—4].

Youth and adults with CAH are known to be at higher risk for behavioral problems,
learning disabilities and neuropsychological co-morbidities [5-8]. These findings coincide
with the discovery of neurological changes in brain structure and organization, identified
using magnetic resonance imaging (MRI) in youth and adults with CAH. Brain structural
differences in patients with CAH include smaller volumes of the whole brain, prefrontal
cortex, and components of the limbic system (regional volumes of the amygdala,
hippocampus, and precuneus) compared to controls [9-12]. Additionally, adult women with
CAH exhibit changes to white matter microstructure associated with structural connectivity
and brain organization which are correlated with exogenous glucocorticoid exposure [11].
Youth with CAH also exhibit white matter microstructure abnormalities on MRI [13].
However, the ontogeny of these neurological changes and their association with intrauterine
environmental and hormonal disruptions in CAH remain unknown.

Brain development during the first 1000 days, from conception to 2 years old, sets the
foundation for neurocognitive, behavioral and psychological development across the lifespan
[14]. During this period, brain development follows a precise and synchronous timetable
that when disrupted, sets the brain on an adverse neurodevelopmental trajectory in years
thereafter [15]. Animal models of CAH show that activation effects of prenatal androgens
and cortisol deficiency are associated with reduced brain volumes early in life, particularly
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in the limbic regions. These brain alterations are correlated with deficient cognitive and
behavioral performance later in life. As well, animal models of CAH show that cognitive
and memory impairments are the result of aberrant brain structure and organization in
early life [16]. Despite established evidence of aberrant neurological differences in these
vulnerable children, there is surprisingly limited data on the origins of these neurological
aberrations and their contribution to the reported neurodevelopmental sequelae in CAH.

In this paper, we aim to study brain structural differences between infants with and without
CAH due to 21-hydroxylase deficiency. Using MRI-based volumetric analysis, we compared
both global and regional volumes of various brain structures between infants with CAH and
age-matched typically developing infants. Based on the timing of hormonal dysregulation
and prior evidence, we hypothesized that infants with CAH would show reduced volumes in
the deep gray and limbic regions of the brain.

METHODS

Study Population

This cross-sectional study protocol was reviewed and approved by the Institutional Review
Board at Children’s Hospital Los Angeles, approval number CHLA-15-00001. Participants
were recruited from the CHLA CAH Comprehensive Care Center and Altamed General
Pediatrics Clinic at CHLA. Written informed consent was obtained from parents or legal
guardians in accordance with The Code of Ethics of the World Medical Association.
Infants were identified through state newborn screening and met criteria for confirmed
21-hydroxylase deficiency by either biochemical testing or genotyping of CYP21A2.
Healthy control infants were born between 34 and 42 weeks gestation and had no known
significant health conditions. The participants’ parents were 18 years of age or older,
English- or Spanish-speaking, and able to complete questionnaires and surveys regarding
the maternal pregnancy history and their child’s health. No mothers were treated prenatally
with dexamethasone.

There were 15 infants with the salt-wasting form of CAH due to 21-hydroxylase deficiency
and one infant with simple-virilizing form. Serum testosterone, androstenedione, and 17-
hydroxyprogesterone levels were obtained at the time of the study visit. All infants were
started on hydrocortisone, fludrocortisone, and salt at diagnosis, with the days on treatment
recorded.

MRI Acquisition

MRI data were obtained using a 3-Tesla MRI scanner (Philips Achieva, Andover, MA) using
a 32-channel neurovascular coil. A bundle-and-feed, non-sedating protocol was utilized prior
to the scan, where the infant participant was fed, changed and then swaddled in a blanket
[17]. Each participant was then secured in an infant vacuum full-body splint (MedVac,
Med-X Products, Littleton, NC) and positioned supine in the scanner with sandbags adjacent
to their sides and feet to simulate containing touch. Each participant had two layers of ear
protection and headphones placed over the ear to transmit lullabies at a low volume via

bone conduction. MRI scans were thus performed without sedation during natural sleep and
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movement was minimized. If motion artifacts were detected during the scan, sequences were
repeated a second time. High-resolution T1-weighted images were acquired with a sagittal
reconstruction (TR = 2000 ms, TE = 4.6 ms, inversion time = 1000 ms, flip angle = 8°, with
isotropic 1 mm3).

Volumetric Analysis

Volumetric imaging analyses were conducted using an atlas-based approach, using age-
matched templates from the ALBERTS infant atlases [18]. Before automated segmentation,
3D T1-weighted anatomical images were automatically skull-stripped using FSL’s
automated brain extraction tool and then edited manually using ITK-SNAP [19] (shown

in Figure 1). The skull-stripped T1 images were then inverted into pseudo-T2-weighted
images to match the imaging modality of the ALBERTS atlases. The inverted images were
bias-corrected and then run through automated segmentation on NeBSS [20] which uses
an atlas-based expectation maximization to assign segmentation labels for the brain [18].
The 50 subregions were then refined into the following larger structural regions of interest
(ROIs): frontal lobe, parietal lobe, occipital lobe, temporal lobe, limbic region, cerebellum,
thalamus, lateral ventricles, corpus callosum, and brain stem. Segmented brain maps were
reviewed and manually edited using ITK-SNAP. Lastly, MR brain volumes were calculated
by multiplying the number of voxels (3D pixels) within each region of interest with the
volume of one voxel obtained by the MRI scanner. We also quantified total brain volumes
(TBV) in all infants.

Statistical Analysis

All data analyses were performed in R v4.1.1 [21]. We began by examining the distributions
of brain ROIs and demographic variables between CAH and control infants. All brain
volume measurements appeared to be normally distributed with no outliers. We examined
the differences in brain region volumes between CAH and control infants through a series of
linear regression models. The first set of models were adjusted for post-conceptional age and
sex, and the second set additionally adjusted for total brain volume. The estimated marginal
brain volume means with 95% confidence intervals (CI) were computed, as well as p-values
for the effect of CAH status. While both gestational age and PCA were recorded for infants,
there was a high degree of correlation between these two measures (r= 0.57, p < 0.001).
Therefore, we adjusted only for PCA in regression models.

We used relaimpo analysis (Relative Importance of Regressors in Linear Models; R libraries
relaimpo, v2.2-3) [22] to compute the percentage of the variance (r'-?/mg or percent variance)
explained by each predictor on the outcome in our regression model [23]. Relaimpo analyses
examined the degree to which each brain region was differentiated between CAH and
control infants, adjusting for all other brain regions, PCA, and sex.

We additionally examined the relationships between hormone levels at diagnosis and
medication dosing at the time of imaging on brain region volumes in participants with
CAH. We used linear regression, adjusting for PCA, sex, and days on medication treatment.
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RESULTS

Demographic Differences by CAH Status

In this study, 16 infants with CAH [8 males, gestational age 38.2 + 1.74 weeks, post-
conceptional age (PCA) 42.2 + 3.0 weeks] and 14 healthy controls (9 males, gestational
age 38.5 + 1.8 weeks, PCA 42.5 + 2.4 weeks) underwent brain imaging via MRI (Table
1). Infants were all born between 34 and 42 weeks gestation. Imaging was performed
between 0.7-8.1 weeks post-birth for the CAH group and 1.3-9.4 weeks post-birth for the
healthy control group. There were no significant differences between the groups in sex,
gestational age (age at birth), or PCA (gestational age at birth + age at imaging). The
CAH infants had an average serum testosterone level of 289.1 + 277.7 ng/dL (10.03 + 9.6
nmol/L), serum androstenedione level of 3674.6 + 3699.8 ng/dL (128.2 + 129.1 nmol/L),
and serum 17-hydroxyprogesterone (17-OHP) level of 29080.4 + 14325.2 ng/dL (506.6 +
338.3 nmol/L) (Table 1).

There were no significant differences in demographic characteristics between CAH and
control infants, including gestational age (v = 0.83), PCA (p = 0.88), biological sex (p=
0.68), and Hispanic/Latino ethnicity (o= 0.79). For race, there was a higher proportion of
Caucasian infants in the CAH group than in the control group (87.5% vs 35.7%, p= 0.001;
Table 1).

Radiological Findings
A radiologist reviewed all scans for incidental findings of gross abnormalities. Two infants
with CAH who had incidental findings noted on their brain scans. One patient had a right
frontal venous angioma. The other patient had blood in the right lateral ventricle and one
punctate white-matter lesion. We ensured that these findings were manually corrected during
image analyses.

Brain Volumes and CAH Status

There were no differences in TBV between CAH and control infants, controlling for PCA
and sex. Additionally, there were no differences between left and right hemisphere volumes
(o> 0.05 for all). Therefore, we proceeded with examining the total (/.e., combined left and
right) brain region volumes for group comparisons (Table 2). The thalamus was significantly
smaller in infants with CAH [8606 mm3, 95% CI (8209, 9002)] compared to controls [9215
mm3, CI (8783, 9647); p = —609, p = 0.02; Table 2], adjusting for PCA and sex. After
further adjusting for TBV (in addition to PCA and sex), the thalamus remained smaller in
infants with CAH [8646 mm3, CI (8373, 8918)] compared to controls [9223 mm3, CI (8927,
9519); p = -577, p=0.002)].

As well, after adjusting tissue volumes for TBV, the temporal lobe was larger [66817 mm3,
Cl (65957, 67677)] in infants with CAH compared to controls [65616 mm?3, CI (64680,
66551); B = 1202, p=0.03]. While not significant, the parietal lobe was trending toward
significance as smaller in infants with CAH (B = -1103, p= 0.08) and the frontal lobe was
trending toward significance as larger (f = 1267, p= 0.08 Table 2).
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The brain regions that were most differentiated between CAH vs control infants were the
thalamus (percent variance = 22%), followed by the parietal lobe (percent variance = 10%;
shown in Figure 2) as examined by relaimpo analyses.

Key Brain Volumes and Clinical Features in CAH

We examined the relationships between hormone levels at diagnosis and medication dosing
at the time of imaging on brain region volumes, adjusting for PCA, sex, and days of
treatment, in infants with CAH (N = 16; Supplementary Table 1). We did not find any
associations between hormone levels at diagnosis and brain volumes. However, we did
observe that higher levels of androstenedione [p = -0.10, CI (-0.20, 0.00), p = 0.09] were
approaching significance with lower thalamic volumes.

DISCUSSION

The main finding of our study is that infants with classical CAH due to 21-hydroxylase
deficiency exhibit reduced thalamic volumes compared to healthy, age-matched infants.
Gestational timing of the active emergence and differentiation of the thalamic nuclei at 8-14
weeks makes the thalamus particularly vulnerable to changes in the intrauterine environment
[24]. Our findings support that the extent of thalamic volume reduction could be associated
with the severity of CAH in these infants, with a smaller thalamus potentially indicative of
specific vulnerabilities to thalamic circuits related to sensory and motor connectivity as the
brain matures [25]. Disrupted normative growth patterns in the thalamus, together with those
seen in the temporal lobe, could indicate disruptions to sensory-motor network function

and integration, and could underlie behavioral problems reported in youth and adults with
CAH. We know from other disease models of preterm [26, 27], epileptic [28], and low
birth-weight infants [29] that smaller thalamic volumes can persist into late childhood and
are a reliable biomarker of poor neurocognitive outcomes. Differences in adjusted temporal
lobe volumes could indicate altered brain organization in infants with CAH, with a potential
association with intrauterine exposure to excess androgens. Notably, unaffected male infants
have been found to exhibit higher adjusted temporal volumes compared to unaffected female
infants [30] and increases in adjusted temporal lobe volumes are known to be related to poor
cognitive outcomes later in life [31]. It would be worthwhile to study further the relationship
between early brain differences and later developmental changes in children with CAH.

Early aberrations, such as those observed in the thalamus and temporal lobe, could impact
the maturational trajectory of other gray matter regions. Although we did not find any
differences in total brain, hippocampus, amygdala, or prefrontal cortex volumes between
infants with and without CAH, these structural differences have been noted in older children
and adults with CAH [9-12, 32] and merit longitudinal follow-up of the infants in this study.
It is possible that most of these brain regions mature later in infancy and childhood and

have not yet manifested by early infancy. For example, aberrations in regions such as the
prefrontal cortex emerge later in maturation and may not yet exist. Additionally, studies in
other disease models have also shown an association between reduced thalamic volume and
increased risk of white matter abnormalities [33, 34]. Youth with CAH have affected white
matter microstructure that could lead to cognitive impairment, emotional dysregulation,
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and executive function deficits [11, 13, 32]. However, associations with reduced thalamic
volume during infancy and white matter microstructural deficits in later life have yet to be
investigated in CAH. Some of these changes may have been programmed in utero while
others may result from a complex interplay between multiple brain regions during newborn
development. Furthermore, some of the later changes reported in older children with CAH
may be confounded due to effects of postnatal hormonal replacements. The interplay
between these early structural discrepancies (e.g., in the thalamus), ongoing developmental
changes, and postnatal hormone therapy may underlie the various neurological abnormalities
reported in patients with CAH.

There were some limitations to this study. There was a relatively small sample size due to
the rarity of this condition (studied at a single center), which limited the detectable effect
size in our group comparisons, as well as precluded the analysis of sex differences. A larger
sample size would help to confirm the relationship between hormone levels at diagnosis and
disruptions to the development of key brain regions. Thus, future multicenter studies are
merited to determine the differential effect of sex and hormone levels on brain development
in infants with CAH. As well, multicenter studies would allow for a broader range of disease
severity of patients (/.e.,, more infants with simple-virilizing CAH). The lack of myelination
in the neonatal period precluded any meaningful measurements of white matter at this

age, even though discrepancies in brain structural connectivity have been reported in older
children with CAH [9-12, 30] and would be interesting to assess during infancy. Finally, the
cross-sectional study design did not allow for longitudinal observation from infancy through
adolescence, to follow the trajectory of abnormal maturation changes in CAH.

Our study has established the earliest evidence of neurostructural abnormalities in infants
with CAH. This can carry potential implications for later effects on structural and functional
development that are seen in older children and adults with CAH. Our findings suggest that
regional structural development is affected during the prenatal period and may manifest as
additional changes later in life. Longitudinal study from infancy through adolescence will
be critical to further understand how early differences and postnatal treatments can affect
developmental trajectories in CAH.
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Figure 1. Acquisition and segmentation of brain structural imagesin infantswith CAH and

age-matched controlsfor volumetric analyses.

Prior to automated segmentation, 3D T1-weighted anatomical images were automatically
skull-stripped (FSL) and then edited manually (ITK-SNAP) and inverted into pseudo-T2-
weighted images to match the imaging modality of the ALBERTS atlases. The images were
then bias-corrected and automatically segmented (NeBSS) into 50 brain tissue types. These
50 subregions were then refined into larger structural regions of interest (ROIS).
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Figure 2. Relaimpo analysis to examine the degree to which each brain region was differentiated

between CAH and control infants.

Relative Importance of Regressors in Linear Models (relaimpo) analyses were performed,
adjusting for post-conceptional age and sex. The brain regions most differentiated between
CAH and control infants were the thalamus (percent variance = 22%) and the parietal lobe

(percent variance = 10%).
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Table 1.

Study Participant Characteristics for CAH and Control Infants

CAH (n =16) Control (n=14)  Group Difference, p-value

Ageat MRI (weeks)

Gestational Age 382+1.74 38518 0.83a

Post-conceptional Age 42.2+3.0 425+2.4 0.88a
Biological sex (n) Female, 8 Male, 8  Female, 5 Male, 9 0.686
Hispanic/ Latino (n; %) 6; 37.5% 7; 50% 0.79b
Race (n; %)

White 14; 87.5% 5; 35.7% 0.0016

Asian 2, 12.5% 2, 14.3%
CAH Form (n)

Salt-wasting 15 - -

Simple-virilizing 1
Glucocorticoid dose (mg/m%day) 352+164 - -
Fludrocortisone dose (mg/day) 0.12 +0.04
NaCl dose (mEg/day) 4.27+0.70
CAH Analytes

Newborn screen 17-OHP (ng/dL) 29080.4 + 14325.2 - -

Newborn screen 17-OHP [nmol/L] [881.1 + 434.1]

Confirmatory serum 17-OHP (ng/dL) 16719.8 + 11164.5

Confirmatory serum 17-OHP [nmol/L] [506.6 + 338.3]

Highest newborn 17-OHP (ng/dL) 28861.9 + 13996.9

Highest newborn 17-OHP [nmol/L] [874.5 + 424.1]

Confirmatory serum testosterone (ng/dL) 289.1+£277.7

Confirmatory serum testosterone [nmol/L] [10.03 + 9.6]

Confirmatory serum androstenedione (ng/dL) 3674.6 + 3699.8

Confirmatory serum androstenedione [nmol/L] [128.2 £ 129.1]

Plasma Renin Activity (ng/mL/hr and pg/L/hr) 50.1+75.4

Mean = SD
aWiIcoxon sign-rank test;

bChi—square test
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Brain Volume Comparisons between CAH and Control Infants

Table 2.

CAH Controls
Region Volume (mm?3) 95% ClI Volume (mm?3) 95% CI
TBV Raw 390672 (371064, 410281) 393126 (371747, 414506)
Frontal Raw 120,293 (113015, 127571) 119,799 (111864,127734)
TBV Adjusted” 121273 (120164,122381) 120006 (118799, 121212)
Parietal Raw 74,717 (70077, 79357) 76,307 (71248, 81366)
TBV Adjusted” 75,335 (74356, 76314) 76,438 (75373, 77503)
Occipital Raw 51,438 (47980, 54895) 52,294 (48524, 56063)
TBV Adjusted 51,890 (50918, 52863) 52,389 (51331, 53448)
Temporal Raw 66,293 (62355, 70231) 65,505 (61211, 69799)
TBV Adjusted”* 66,817 (65957, 67677) 65,616 (64680, 66551)
Limbic Raw 19572 (18254, 20890) 19,634 (18197, 21071)
TBYV Adjusted 19,743 (19325, 20160) 19,670 (19216, 20125)
Cerebellum Raw 26,404 (24715, 28093) 26,936 (25095, 28777)
TBV Adjusted 26,574 (25418, 27730) 26,972 (25714, 28230)
Thalamus Raw ¥ 8,606 (8209, 9002) 9,215 (8783, 9647)
TBV Adjusted ™ 8,646 (8373, 8918) 9,223 (8927, 9519)
LV Raw 5,399 (4590, 6209) 4,766 (3883, 5649)
TBV Adjusted 5,451 (4721, 6181) 4777 (3982, 5571)
CorpusCallosum Raw 2,597 (2386, 2808) 2,566 (2336, 2796)
TBV Adjusted 2,620 (2496, 2744) 2571 (2436, 2706)
Brainstem Raw 6,044 (5717, 6371) 6,207 (5851, 6564)
TBV Adjusted 6,075 (5837, 6314) 6,214 (5955, 6473)

Abbreviations: CAH, congenital adrenal hyperplasia; Cl, confidence interval; TBV, total brain volume; LV, lateral ventricles

All regressions (Raw, TBV Adjusted) were adjusted for post-conceptional age and sex.

f0.0S <p<0.10;

*
p <0.05;

Aok

p<0.01
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