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“Trying to put the processes of nature into words is as complicated as

trying to drink up the ocean with a fork.”

Alan Watts






Popularvetenskaplig ssmmanfattning

Primér binjurebarkssvikt kan orsakas av olika sjukdomar bl.a medfédd binjurebarkshyperplasi (CAH)
och autoimmun Addisons sjukdom. Individer som drabbas av dessa sjukdomar saknar de livsviktiga
hormonera kortisol och aldosteron som produceras av binjurarna. Kortisol hjalper kroppen att fa
tillrdckligt med energi nér det behovs, sérskilt nir man &r stressad och kroppen behdver mer energi én
vanligt. Hos friska ménniskor producerar binjurarna kortisol med en specifik dygnsvariation med hogst
produktion och utsondring p4 morgonen nédr man skall vakna. Kortisol produceras ocksa i hogre miangd
ndr man 4r stressad eller blir sjuk och fér feber. Att helt sakna kortisol och aldosteron é&r livsfarligt och
det dr dérfor viktigt att individer som har primér binjurebarkssvikt dagligen behandlas med lékemedel
som ersétter dessa hormoner. Att styra denna behanding kan vara svart och det finns en risk att
patienterna antingen far for mycket eller for lite kortisol. De suboptimala kortisolnivéerna kan paverka
kroppen negativt. Utdver metabolismen s& paverkar kortisol ocksé hjirnans struktur och funktion.
Kortisol ar viktigt for hjarans normala tillvéxt och for utvecklingen av den vita substansen i hjaman.
En optimal nivé av kortisol i hjaman krévs dven for att klara av olika kognitiva funktioner s&som minne,
arbetsminne och for att reglera véara kénslor, sarkilt ndr man har varit stressad. Vi tror darfor att sub-
optimala kortisolnivéer hos individer med binjurebarkssvikt kan paverka hjirnans struktur och funktion
negativt. Denna avhandling har studerat just denna hypotes. Vi har undersokt om individer med CAH
och Addisons sjukdom har forédndringar i hjérnans struktur och funktion och om de upplever problem
med olika kognitiva funktioner. Vi har dven forsokt forsta relationen mellan doserna av kortisol som
patienterna behandlas med och deras kognitiva funktioner och eventuella fordndringar i hjérnans
struktur och funktion. Vart mal &r att forsoka forsté hur sjukdomen paverkar patienternas hjama och om
vi behdver utveckla béttre medicin 1 framtiden for att skydda hjéran pé langt sikt. Véra resultat visar
att framforallt patienter med CAH har ménga fordndringar i hjérnans struktur. De har mindre gra
substans i regioner som man anvinder nir man aktiverar sitt arbetsminne. Individer med CAH hade
dven problem med sjélva arbetsminnet, vilket kan bero pa de strukturella hjérnférandringara. De hade
dven fordndringar i den vita substansen som kopplar ihop olika regioner i hjdrnan. Vi sdg dock ingen
tydlig koppling mellan dessa foréndringar och deras medicinintag vid den tidpunkt ndr man gjorde

testerna/hjérnavbildningarna. Patienter med Addison sjukdom médde daremot relativt bra. De angav



dock att de upplevde problem med att klara olika uppgifter i sin vardag. Sérskilt kvinnor med Addisons
sjukdom sade att de upplever problem med att reglera sina kénslor. De upplevde dven att de var trotta,
vilket skulle kunna forklara deras kognitiva problem till viss del. Individer med Addisons sjukdom hade
dven ett annat aktivitetsmonster 1 hjédrnan i vila. Vi vet i nuléget inte vad det betyder, da vi inte hittade
nagon koppling mellan hjérnans aktivitet och deras kognitiva problem, eller deras upplevda trotthet.
Sasom for CAH hittade vi inte heller ndgon tydlig koppling mellan deras medicinintag (i samband med
testning) och hjidrnans funktion. Patienter med Addison sjukdom hade nédstan inga fordndringar i
hjédmans struktur. Skillnaden mellan dessa tvé sjukdomar kan bero pa att individer med CAH har haft
sin sjukdom sedan fodelsen da den dr medfodd, medan de med Addisons sjukdom blev sjuka nér de var
vuxna och hjdman hade da redan utvecklats till stor del. Sammanfattningsvis har vi funnit att hjdman
hos individer med CAH och Addisons sjukdom har péverkats av sjukdomen, men pé olika sétt. Vi
behdver studera vidare hur den ackumulerade dosen av lakemedel péverkar hjamans funktion Gver tid,
hur olika typer av nya kortisollédkemedel paverkar hjaman samt hur patientens upplevda trétthet kan

forbattras sa att de lattare kan klara av sin vardag.



Abstract

Individuals with primary adrenal insufficiency (PAI), i.e., congenital adrenal hyperplasia (CAH) and
autoimmune Addison’s disease (AAD), suffer from impaired production of the adrenal gland hormones
cortisol and aldosterone, and in the case of AAD, also androgens. Replacement medication for these
hormones is sub-optimal due to the difficulties in replicating the natural rhythms of cortisol secretion.
The hormones are known to affect brain function via many mechanisms, and both pre- and postnatal
hormone dysregulation may affect cognitive functioning, brain structure and brain function. Therefore,
studying brain health in PAI is of interest and is needed to optimise treatment and patient wellbeing.
The present thesis investigated brain structure related to cognitive functioning in individuals with CAH,
and cognitive functioning, brain structure and resting-state functional connectivity in individuals with
AAD. We found that individuals with CAH have impairments in white matter microstructure, as well
as cortical thinning of the frontoparietal network that was related to weaker performance on a
visuospatial working memory task. On the other hand, individuals with AAD performed equally to
control subjects on most measures of cognitive functions assessed with standardized tests during the
lab-visit, but they self-reported executive function problems in daily life, which were related to
experienced mental fatigue. As opposed to individuals with CAH, those with AAD did not have
profound differences in the structure of the brain, apart from smaller total brain volumes. However, they
displayed increased resting-state functional connectivity, particularly in primary visual regions and the
orbitofrontal cortex. Our results suggest that the effects of adrenal hormone insufficiency affect
individuals with CAH and AAD differently. This difference may be related to the onset of the disease,
which is from conception for those with CAH and in adolescence or adulthood for those with AAD.
Long-term follow-up studies are needed to assess whether the observed differences contribute to
increased cognitive decline later in life and how to optimise replacement medication to sustain brain

health.
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Introduction

Primary adrenal insufficiency (PAI) is characterised by a lack of vital steroid hormone production from
the adrenal cortex. Its leading causes are autoimmune Addison’s disease (AAD) and congenital adrenal
hyperplasia (CAH) (1). PAI was first described in the 19™ century when Thomas Addison reported cases
of adrenal tuberculosis in 1855. Addison noted the characteristic bronze pigmentation of the skin (2).
Eleven years (y) later, the first case of CAH was described by Luigi De Crecchio, a pathologist reporting
on a female individual, living as a man, who presented with a 6 cm long phallos (3, 4). PAI was
invariably fatal until the discovery of synthetic cortisone halfway through the previous century, which
could replace the lack of glucocorticoid (GC) hormones (5). Both CAH and AAD are managed by life-
long oral replacement of GCs as well as mineralocorticoids (MC) (6, 7). Although the availability of
this medication means that patients can live until old age, replicating the natural rhythmic secretion of
adrenal hormones remains difficult. Patients are therefore regularly exposed to sub-optimal levels of
GC, MC and other adrenal hormones, in addition to having reduced flexibility of the hypothalamus-
pituitary-adrenal (HPA) axis. Adrenal hormones have a wide range of physiological effects and target
almost all tissues in the body, including the brain. Thus, disturbances in managing optimal levels of
adrenal hormones might contribute to numerous physiological problems, leading to poor quality of life
(QoL). Given the brain's sensitivity to GCs, PAI's long-term effects might negatively impact cognitive
functioning, brain structure and brain function. To date, little research has focused on these domains in
PAL particularly when it comes to AAD, for which no brain imaging research had been conducted until
recently. Identifying problem areas related to cognition and the brain in individuals with PAI might lead
to optimised treatment strategies and form the foundation of research to develop novel drugs that
consider brain health as a clinical endpoint so that the patient’s QoL may ultimately be improved. With
this background, the present thesis aims to assess the long-term effects of having PAI on baseline

cognitive functioning, brain structure and brain function in individuals with CAH and AAD.






1 Literature review

1.1 Steroid hormones from the adrenal cortex

Adrenal hormones are involved in many physiological systems, and cortisol affects nearly all body

tissues (figure 1). Accordingly, disturbances in adrenal hormone balance can have a great variety of

effects. Although the brain is one of the main target organs of cortisol and androgens, the interaction

with other physiological systems (e.g., peripheral glucose regulation and immune function) must be

considered. Any differences observed in cognitive functioning and the brain in PAI are therefore likely

to be the result of the complex interactions between adrenal hormones and the physiological systems

they are impacting, aside from the psychological effects of dealing with a potentially life-threatening

disease. This chapter briefly summarises adrenal hormone production and regulation.
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Figure 1. Overview of some of the physiological effects of cortisol. This image was produced using medical

images from smart.servier.com. Servier Medical Art by Servier is licensed under a Creative Commons

Attribution 3.0 Unported License (https://creativecommons.org/licenses/by/3.0/).
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1.1.1 The adrenal cortex

PAI primarily affects the hormone production of the adrenal cortex. Healthy adrenal glands consist of
an internal catecholamine-producing medulla and a steroid-hormone-producing cortex. The cortex is
subdivided into the mineralocorticoid-producing zona glomerulosa, the glucocorticoid-producing zona
fasciculate and the androgen-producing zona reticularis. All steroid hormones from the adrenal cortex
are derived from cholesterol and converted to aldosterone, cortisol and androgens through a series of

enzymatic reactions (figure 2).

1.1.2  Cortisol

Both the MC aldosterone and the GC cortisol are crucial for life, and loss of these hormones leads to
salt-wasting (SW) crises and circulatory collapse, culminating in death. Aldosterone secretion from the
zona glomerulosa is regulated via the renin-angiotensin-aldosterone axis, while cortisol secretion from
the zona fasciculata is regulated via the HPA axis. Aldosterone is primarily involved in maintaining
blood pressure as it regulates the salt balance in the kidneys (8, 9). For the present thesis, however, the

focus will be on the role of cortisol.

Cortisol is mainly bound to corticosteroid-binding globulin and serum albumin in the bloodstream,
rendering it inactive, with only approximately 5% being free and metabolically active (10, 11, 12). Free
cortisol easily crosses cell membranes because of its lipophilic nature and binds to both the MC and GC
receptors (MR and GR) in the cytosol of cells. The GR is coded by the NR3CI gene and can be produced
in two isoforms resulting from alternative splicing (13, 14). It is a complex receptor with co-chaperones;
for example, FKBP5 codes for a GR co-chaperone (15). When bound, GRs regulate gene expression,
which constitutes the slow response of cortisol, sometimes only an hour after a cortisol peak (16, 17,
18). In addition, cortisol may bind to membrane-associated corticosteroid receptors thought to have

rapid non-genomic effects within minutes (min) of a cortisol peak (19).

Cortisol production usually increases in response to stress and has stimulating, inhibiting and
preparative effects for maintaining homeostasis (20). The various functions that cortisol has on the body
mediate these processes, but its primary function is to regulate energy metabolism by promoting the

body's catabolic state. This role of cortisol entails that the body can ensure energy availability for vital
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organs during stress by promoting gluconeogenesis in the liver and inhibiting insulin (21, 22). For this
reason, prolonged stress can lead to insulin resistance (23, 24). Cortisol also inhibits the immune system
and is therefore used to treat inflammation (25), can help regulate blood pressure by increasing
vasoconstriction (26) and affects bone growth, with excess cortisol leading to osteoporosis, having a

negative effect on osteoblasts and suppressing growth hormone secretion (27, 28).
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Figure 2. Adrenal cortex steroid-hormone synthesis. Reproduced with permission from Claahsen-van der Grinten
HIL, Speiser PW, Ahmed SF, Arit W, Auchus RJ, Falhammar H, et al. Congenital Adrenal Hyperplasia-Current
Insights in Pathophysiology, Diagnostics, and Management. Endocrine reviews. 2022;43(1):91-159. Copyright

The Authors 2021 (29).

1.1.2.1 HPA axis rhythms
The HPA axis regulates cortisol secretion with circadian and ultradian rhythmicity (30, 31, 32, 33,
34). In short, the HPA axis consists of a feedback and feedforward loop of hormone secretions from

the hypothalamus, pituitary and adrenal glands (figure 3). This feedback-feedforward loop is thought



to be the main constituent of the ultradian secretion rhythm (35), which is approximately an hourly
rhythm but may vary substantially across individuals (31, 36, 37). With low levels of circulating
cortisol, corticotropin-releasing hormone (CRH) releases from the paraventricular nucleus (PVN) of
the hypothalamus, which triggers the release of adrenocorticotropic hormone (ACTH) from the
pituitary gland into the blood stream. ACTH stimulates cortisol secretion from the adrenals, and the
subsequent rise in cortisol exerts negative feedback, among other upon CRH production in the
hypothalamus. This pulsatile rhythm is thought to be needed to safeguard GR sensitivity and maintain
HPA axis responsiveness to stress, though in a brain-region-dependent way (32, 33, 34).

The circadian rhythm is regulated by an internal biological clock, mastered by the suprachiasmatic
nucleus (SCN) of the hypothalamus. In addition to this master clock, there are circadian oscillators in
specific tissues, such as the heart and adrenal glands (38). For example, adrenal gland sensitivity to
ACTH is affected by circadian oscillations (39). Cortisol might play a role in synchronising bodily
rhythms by mediating between central and peripheral clocks (40). Cortisol levels usually start to rise
early in the morning (about 3-4 am), presumably due to the brain's energy demand), with cortisol
making more glucose available (41). The morning rise shows a characteristic pattern termed the
cortisol awakening response (CAR), which is thought to help people wake up (41, 42, 43). CAR
entails a 50-60% cortisol increase for about an hour (h), peaking 30 min after awakening (44). Cortisol
levels then fall again throughout the day, reaching nadir around midnight, although smaller peaks are
observed around midday and afternoon (45, 46). The circadian rhythm exists not only for cortisol but
also for its regulators, CRH and ACTH, whose rhythms occur in parallel and peak in the morning,

with nadirs at midnight (47).



ACTH

Cortisol

Figure 3. HPA axis. Corticosteroid-releasing hormone (CRH) is released from the hypothalamus in response to
stress, which stimulates adrenocorticotrophic hormone (ACTH) release from the pituitary gland, which in turn
stimulates cortisol production by the adrenal cortex. Cortisol exerts negative feedback (red arrows) on the level
of the pituitary gland as well as the hypothalamus and other brain regions. This image was produced using
medical images from smart.servier.com. Servier Medical Art by Servier is licensed under a Creative Commons

Attribution 3.0 Unported License (https://creativecommons.org/licenses/by/3.0/).

1.1.2.2  The stress response

The HPA axis is crucial for generating an adequate stress response to maintain homeostasis (22). Both
physiological and psychological stressors can trigger neurons in the paraventricular nucleus of the
hypothalamus, thereby activating both the sympathetic-adrenomedullary (SAM) axis, which constitutes
the fast, autonomic nervous system (ANS) response culminating in the release of adrenaline from the
adrenal medulla, and the HPA axis, which constitutes a slow hormonal response, resulting in the release
of cortisol from the adrenal cortex (22). Of note, as explained above, cortisol itself also has a fast and
slow-response, depending on the receptors it activates, either membrane-bound (fast non-genomic) or
in the cytosol (slow genomic) (16, 19). Regulation of the stress response may vary between

physiological and psychological stressors (22). Physiological stress depends more on the brainstem and
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limbic forebrain regions. In contrast, psychological stress depends on the connections between the
prefrontal cortex (PFC) and hippocampus, and the hippocampus and amygdala, with the hippocampus
exerting an inhibitory control over the HPA axis (48, 49, 50). The HPA axis response is further regulated
by the modulating effects of the catecholaminergic pathway on the PVN (51, 52, 53). The fast SAM
response prepares the body for a fight or flight response, while the slow hormonal response of cortisol
exerts its glucose-sparing effects and other functions to maintain homeostasis (20). Interestingly, the
cortisol response to a stressor might be more effective when in the rising phase of an ultradian cycle,

emphasising the importance of maintaining pulsatile rhythmic secretion of adrenal hormones (37, 54).

1.1.3  Androgens

Androgens are produced by the zona reticularis of the adrenal cortex through several enzymatic
pathways, and include dehydroepiandrosterone (DHEA), androstenedione, testosterone and
dihydrotestosterone (see figure 2). DHEA can be sulfated into its inactive ester DHEA-sulfate (DHEAS)
by SULT2AL1 (55, 56, 57, 58). DHEA is a prohormone metabolised chiefly into active sex hormones in
the adrenal glands, ovaries and testis or in target tissues such as the brain (59, 60, 61). DHEA and
DHEA-S are predominantly produced by the adrenals, as opposed to the gonads, amounting to 75-90%
of total bodily DHEA production (62, 63). However, they are substrates for gonadal testosterone
production, particularly relevant for females, as evidenced by the almost undetectable circulating
testosterone levels in women with AAD (64). In healthy premenopausal women, adrenal-derived DHEA
contributes 40-75% of the circulating sex hormone level, increasing to 100% in postmenopausal
women. In men, metabolised DHEA accounts for only 5% of total circulating testosterone and 30% of

DHEA-derived sex hormones (65, 66, 67).

Circulating DHEA is much more prevalent in its sulfated form, which has a longer half-life than DHEA
and a higher affinity for the carrier proteins, either albumin or sex hormone-binding globulin (SHBG)
(58, 68, 69). Circulating DHEA-S taken up by cells is usually converted back to the active form of
DHEA and then converted to the relevant sex hormone for the tissue, which depends on the cell type
(61). Although DHEA can bind the androgen and estrogen receptors, it is a weak agonist and is usually
converted to the more potent testosterone and estradiol (60, 62). No high-affinity DHEA receptor has

been identified (70).



Unlike cortisol, the precise physiological role of DHEA is not yet clear. Its role may include effects on
bone health (bone mineral density) (71, 72), insulin sensitivity (73), improving the immune response
(74) and sexual function (70, 75). Both DHEA and cortisol have a role in maintaining homeostasis.
However, as opposed to cortisol, DHEA stimulates the anabolic state. Because it promotes glucose
oxidation, it is thought to have anti-glucocorticoid properties, which might contribute to its

neuroprotective effects (71, 72, 73).

Androgen production and release from the adrenals are regulated by ACTH (62, 74). DHEA secretion
does not follow a precise circadian rhythm; however, it is responsive to stress and GCs and, in
combination with its relatively short half-life, it is released in an episodic fashion (68). While a stress
response involves increased cortisol production, DHEA secretion is diminished (75), and as opposed to
cortisol and CRH, adrenal androgens cannot exert negative feedback on the HPA axis (76). DHEA-S,
on the other hand, is relatively stable throughout the day, partly due to the long half-life and low
clearance rate (77, 78). DHEA production does follow a typical age-related trajectory, with a pre-
pubertal surge at adrenarche in childhood, a peak in the early 20s and then a steady decline after the
third decade of life by about 10% per decade until it eventually reaches prepubertal levels again (74,
79). DHEA decline may cause physical and mental health issues in post-menopausal women, and
DHEA supplementation is sometimes given to help alleviate symptoms. However, the evidence for its

efficacy is inconclusive (80, 81).

1.2 Congenital adrenal hyperplasia

CAH comprises a collection of inherited autosomal recessive disorders occurring in approximately
1:10,000-1:15,000 newborns (29, 82, 83, 84, 85). Because the disease is congenital, it starts already in

utero and affects boys as much as girls (29, 87-89). See figure 4 for a summary of the disease.
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Figure 4. CAH due to 21-OH deficiency leads to a blockage of the pathways to aldosterone and cortisol
production, whereas the precursor 17-OH progesterone gets shunted to the pathway for adrenal androgen
production. Reproduced with permission from Claahsen-van der Grinten HL, Speiser PW, Ahmed SF, Arlt W,
Auchus RJ, Falhammar H, et al. Congenital Adrenal Hyperplasia-Current Insights in Pathophysiology,

Diagnostics, and Management. Endocrine reviews. 2022,43(1):91-159. Copyright The Authors 2021 (29).

In most cases, CAH is caused by a mutation in the CYP2142 gene, causing a deficiency in the 21-
hydroxylase (21-OH) enzyme needed for the production of cortisol and aldosterone (83, 84). Ten
common mutations are responsible for about 95% of cases (figure 5), while the others are caused by
rare family-specific mutations (86). Patients specifically lack the production of gluco- and
mineralocorticoids. The cortisol deficiency results in disinhibition of the HPA axis, leading to increased
levels of ACTH and an accumulation of cortisol precursors, which are then shunted towards the pathway

of adrenal androgen production (87, 88, 89). As a result, androgen levels in patients are high, and a
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higher dose of GCs than the normal physiologic replacement dose might be needed to suppress these
levels. Due to the lack of cortisol prenatally, foetuses with CAH are exposed to high androgen levels
that lead to virilisation of the external genitalia in girls, including enlarged clitoris and fusion of the
labial folds, which can differ in degree of severity depending on the genotype of CAH. These problems

can lead to physiological issues and psychological distress (90, 91).

CAH ranges in severity (figure 5), depending on the specific mutation in the gene coding for the 21-OH
enzyme. CAH is classified as salt-wasting (SW), the most severe form, simple virilising (SV) and non-
classic (NC) (92, 93). The mildest allele determines the severity of the disease because it determines
how much 21-OH enzyme function is left. There usually is a good correlation between the genotype
and the phenotype (92, 93, 94). Null mutations result in a complete loss of function, and patients will
always have the SW form. SW CAH requires early intervention, as patients suffer a complete lack of
cortisol and aldosterone synthesis, which may lead to adrenal crises during the neonatal period. Non-
null mutations may also result in SW CAH in some cases or the relatively milder forms of SV and NC

CAH.

11



Mutation : Conv/del iIntron 2 i p.lle172Asn* I p.Pro30Leu* E p.Val281Leu* i
1 A8bp* isplice site : : i p.Pro453Ser* |
1 E6 cluster® H(12G)* : ! ] ]
‘pleu3ozfs* ! : : : f
' p.GIn318X* : : : ; i
PAGIS6TID" ; : ! 30-80% i
Enzyme : : i : :
acivity s z s = s
i P s
Phenotype : Salt-wasting 5 S:imple-virilising : ; :
g ; N : 1 i :
: : Classic : : Non-classic i
Prevalence : :1:10000-1:20000 ; : 1:200-1:2000 5

Baseline cortisol | {11 j il il i R E
Stimulated § Completely § Completely i Partly insufﬁcienti Normalor partly i Normal i
cortisol : insufficient : insufficient : : insufficient E i
Stimulated 170HP i >300 nmol/L § >300 nmol/L iVariabIe i 30-300nmollL | 30-300nmolL |

—
—

Aldosterone

4

—
=

u
=

Renin il

Androstenedione T

T

Te

- -
- -

Testosterone in T Te
female patients
and precocious
puberty in male

patients

Prader stage I ots

3
(%1
B
S
I
o

+  Clinical or laboratory finding is present and multiple + indicate increasing degree of severity
- Clinical or laboratory finding is not present
T Laboratory parameter is elevated and the number of 7 indicates the increase in concentrations compared with
established reference ranges
1 Laboratory parameter is decreased and the number of | indicates the decrease in concentrations compared with
established reference ranges
< No change in concentration compared with established reference ranges
(+) Clinical or laboratory finding might be present
(-) Clinical or laboratory finding might be absent
+/(-) Clinical or laboratory finding is usually present in mild form, but might also be absent
-/(+) Clinical or laboratory finding is usually absent, but might also be present in mild form
<71 Laboratory parameter is usually within reference range or might be mildly elevated
T« Laboratory parameter is usually mildly elevated or might be within reference range

Figure 5. CAH varies in severity depending on the specific mutation of the 21-OH gene. Common mutations cause
most cases. Reproduced with permission from Auer MK, Nordenstrom A, Lajic S, Reisch N. Congenital adrenal

hyperplasia. Lancet. 2022. Copyright Elsevier 2022. (86).
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1.2.1 Symptoms and diagnosis

In Sweden and more than 50 countries worldwide, newborns are screened for CAH, which usually
detects patients with classical CAH, namely SW and SV (85, 95). Consequently, patients are treated
from the first or second week of life, preventing early salt-losing crises, hypoglycaemia and neonatal
death (96). Screening occurs through a 170H-progesterone immunoassay (97, 98). Without a neonatal
screening programme, SV and SW CAH are detected due to adrenal crises during the neonatal period
or genital virilisation in females (29, 96). In contrast, NC CAH may be diagnosed only during early
childhood, even in the presence of a screening programme, when precocious pseudo-puberty might be
observed along with accelerated growth, or even during adolescence or adulthood, usually as a result of

hyperandrogenism and fertility problems in women (92, 99).

1.2.2  Disease management

Treatment of CAH starts at diagnosis and consists of oral replacement of GC and MC with
hydrocortisone and fludrocortisone, respectively (86, 100). The dosage and frequency of intake are
adapted to the age and size of the person, as well as the severity of the disease and other individual
factors. The recommended cortisol replacement dose for adults is 15-30 mg hydrocortisone, divided
over three doses a day, or 4-7.5 mg prednisolone, taken twice a day, or a combination of the two, in
which case two to three doses of hydrocortisone may be taken in addition to one dose of prednisolone
(86). This regimen is considerably higher than the cortisol production rates in healthy adults, which vary
from 5-11 mg/m?2/day, with an average of 7 mg/m2, which entails for an average sized person of 1.7m2
11.9 mg/day (101). Patients usually take the highest dose in the morning to replicate the morning rise
in cortisol and have their last dose in the late afternoon (102). For patients requiring MC replacement,

fludrocortisone is given once daily, usually 0.1mg (86).

Strict adherence to treatment is critical to avoid adrenal crises. This adherence is crucial during periods
of physical stress, and patients are instructed to take extra doses of GCs (e.g., during illness (fever))
(103). In Sweden, children with CAH receive check-ups every 3 months. Because of the role of cortisol

in nearly all tissues, children’s development is carefully monitored. For example, patients with CAH
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often reach a shorter final height (104), and fertility in girls may be compromised if the androgens are

not sufficiently suppressed (105).

In cases of a subsequent pregnancy for a mother who has given birth to a child with classical CAH, the
option may be given to treat the mother (and the foetus) with dexamethasone (DEX) to prevent genital
virilisation if the foetus should be a girl with CAH (106). However, prenatal DEX treatment is not
without controversy as it needs to be started before genotyping for CAH is possible and healthy foetuses
are exposed to high levels of GCs during a sensitive period of development. Therefore, this treatment is

only offered within research programmes (105) and has been halted in Sweden (107).

1.3 Autoimmune Addison’s disease

AAD is a rare disorder with an estimated prevalence of 100-200 per million in Europe (108, 109),
although numbers appear to be increasing (110). AAD usually emerges during adulthood, though on
rare occasions may have a childhood onset (111, 112, 113). It is also more common in females, but

below the age of 30 y, there appears to be no sex difference in prevalence (112, 114).

In AAD, an autoimmune reaction against the adrenal cortex occurs, which destroys the cells and
ultimately results in a lack of steroid hormone production (i.e., cortisol, aldosterone and androgens)
(115). Only the adrenal cortex is attacked, whereas the catecholamine-producing medulla is spared. In
most cases, antibodies against the 21-OH enzyme are found (83% of cases in Sweden) (116). These
antibodies, however, are markers of the immune reaction but do not destroy the cells per se. Rather, the
destruction of the cortical cells is mediated by CD8+ T-lymphocyte infiltration triggering cytolysis
(117). The high heritability of approximately 0.97 suggests a substantial genetic influence (118), where
major genetic risk loci include HLA, BACH2 (119) and AIRE (120, 121). The specific pathology is not
yet known. For example, it is unclear why the adrenal cells are explicitly attacked. It has been proposed
that destruction of the cortex begins in the MC-producing zona glomerulosa, proceeding to the GC-
producing zona fasciculate and finally reaching the zona reticularis, which produces androgens (117,
122, 123). It was recently shown that perhaps as many as 30% of patients might have residual GC
production, particularly males and those with shorter disease duration (124). However, the amounts left

are small and might not affect clinical wellbeing (124).
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There is a high co-morbidity with other auto-immune diseases (about 62% in Sweden). AAD is part of
the autoimmune polyglandular syndrome (APS) 1, a monogenic disease caused by mutations in AIRE.
It includes, in addition to AAD, hypoparathyroidism and/or chronic mucocutaneous candidadis and/or
other disorders. AAD may also be part of APS 2, along with thyroid disorder and/or diabetes mellitus
type I, or other organ-specific autoimmune diseases. These diseases share a common genetic and/or
environmental background, which suggests that AAD may be part of the same underlying disease (116,
125, 126). In addition to these diseases that share an overlapping aetiology, AAD may also have
consequences resulting in additional medical and mental health problems. Data suggest that patients
have a higher risk of metabolic and psychiatric co-morbidities, including depression, anxiety and
hypertension (127, 128, 129). Female patients have an increased risk of ischaemic heart disease,
especially with higher GC replacement doses (130). They also have a risk of adverse pregnancy
outcomes (131). Increased incidences of cancer have also been reported (132). Noteworthy, patients
have also been found to have an increased risk of dementia, particularly Alzheimer’s disease, via a
potential involvement of androgens and cortisol in amyloid b and tau pathology (133). Overall, patients
may suffer from a substantial health burden that significantly impairs their QoL (112, 128, 134, 135,

136, 137, 138, 139).

1.3.1 Symptoms and diagnosis

AAD usually has a long prodromal phase, and diagnosis might not be reached until more than 90% loss
of adrenal cortex function (140). Until now, AAD remains a difficult-to-diagnose disease as the
symptoms and clinical signs are non-specific. Symptoms and signs may develop over a long period and
may include fatigue, anorexia, nausea, dizziness, salt craving, weight loss and a bronze pigmentation of
the skin (115, 117, 140). AAD might present with depression as one of its early symptoms (141), and
in combination with the loss of weight, is sometimes confused with anorexia nervosa (142, 143, 144),
especially in younger people (145, 146). Diagnosis of AAD is ultimately based on low levels of cortisol
in combination with high levels of ACTH and low aldosterone but high renin levels, as well as a positive
21-OH autoantibody test to confirm the autoimmune cause of the PAI (147). However, an accurate
diagnosis might not be attained until patients enter a life-threatening adrenal crisis (115, 140). No

generally accepted definition of an adrenal crisis exists. However, poor clinical status may result in a
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medical emergency in which patients experience an acute lack of cortisol and suffer hyponatremia and
hypotension, possibly leading to systemic collapse and death. Acute emergency treatment with cortisol

and iv fluids is essential to save the patient.

1.3.2  Disease management

Upon diagnosis, life-long replacement therapy for adrenal steroids is started. Compliance with
medication is crucial to prevent adrenal crises, which may occur in 10/100 patients annually (148, 149).
The therapy usually consists of twice or thrice daily oral intake of immediate-release hydrocortisone
(IR-HC), replacing the GC cortisol, and once daily intake of fludrocortisone, replacing the
mineralocorticoid aldosterone (6, 7, 150). The recommended dose for hydrocortisone is between 15 and
25 mg/day, divided over two-three doses, and 0.1mg of fludrocortisone taken once a day in the morning
(151). Usually, the moming IR-HC dose comprises approximately 50-75% of the total daily intake. IR-
HC is absorbed rapidly after intake and reaches a maximum concentration about 1 h after consumption.
However, with a half-life of approximately 1.5-1.8 h, IR-HC also declines rapidly (152). AAD patients
may take their last dose either around noon or in the afternoon (153). Therapy is usually adjusted
according to individual needs, but it is advised to follow the lowest GC dose possible on which the
patient feels well. Currently, there is no biomarker to monitor whether the treatment is adequate in the
case of AAD, although transcriptional factors have recently been identified that might be candidate
biomarkers (154). In adult patients, the doses are not adjusted to the person's size, meaning that smaller
people may receive a higher dose than taller people. Taking stress doses is advised (e.g., during illness,

surgery or endurance exercise) but not applicable in all situations (155, 156, 157).

GC and MC treatment is similar between males and females. However, because females with AAD lack
more than 50% of their total androgen amount, DHEA or testosterone is sometimes given to compensate
for this loss (158). The effects of DHEA replacement on health-related QoL. (HRQoL) are not yet

apparent and might be beneficial only for specific sub-groups of women (159, 160, 161, 162).
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1.4 Challenges in the treatment of PAI

Optimal replacement of adrenal hormones remains challenging, and several aspects might negatively
affect patients’ wellbeing. These aspects include a lack of circadian and ultradian rhythms, reduced
flexibility of the HPA axis, difficulties in determining the optimal replacement dose and the need for

suppressing androgens in the case of CAH.

Replicating ultradian and circadian rhythms is challenging and may result in specific problems for
individuals with PAI, particularly regarding sleep. The replacement schedule is aimed at replicating the
circadian rhythm of cortisol secretion to some extent by having patients take the largest dose in the
morning and by taking their medication at time points corresponding to natural peaks, with the latest
dose in the afternoon (figure 6) (163). Still, several aspects of the circadian cortisol rhythm are affected
in PAL Patients on traditional IR-HC replacement medication lack the early moming part of the cortisol
awakening response, as they have to wake up before taking their first dose. Patients may have trouble
with this because the CAR has been proposed to contribute to people waking up in the morning as it
releases glucose to the brain (41, 42, 43). The deficient cortisol level in the early morning also leads to
headaches, nausea and fatigue, which only subsides 1 h after intake of the first GC dose, as cortisol
continues to decrease in patients up to half an hour after waking (164). In addition, slow-wave sleep
(SWS) and rapid eye movement (REM) may also be affected, given that cortisol facilitates REM (165)

and inhibits SWS (47, 166).

In addition to the circadian disruption, individuals with PAI also lack ultradian rhythmicity. Although
the significance of these rhythms remains to be elucidated, it may reduce flexibility to respond to
stressors and reduce the sensitivity of the GR (34). In individuals with PAIL the HPA axis cannot increase
cortisol production in response to internal or external stressors. It is thought that the adrenal medulla in
PAI is spared, although this has not been shown. Thus, in times of stress, the SAM is expected to be
activated as usual, but no increase in cortisol is produced to help the system return to homeostasis. This
lack of HPA axis responsivity is particularly challenging during illness, and patients are advised to

increase the GC dose during such times (157).
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Figure 6. Diurnal cortisol secretion in A) healthy volunteers, B) individuals with PAI on three times daily IR-HC
replacement, C) individuals with PAI on once daily MR-HC and D) individuals with PAI on Chronocort taken at
bedtime. This figure was reproduced from Porter J, Blair J, Ross RJ. 2017. Is physiological glucocorticoid
replacement important in children? Arch Dis Child. 102:199-205. Open Access. Creative Commons Attribution

Non-Commercial (CC BY-NC 4.0) license. (163).
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IR-HC leads to supra-physiological cortisol levels about 1 h after intake, but these levels drop relatively
sharply (163, 167). Although cortisol is a hormone with slow genomic effects that may last several hours
after a peak, basal cortisol may fall below physiological levels before taking the next dose. Individual
differences in metabolism further make it hard to determine the optimal treatment schedule and dosing.
Over- and under-treatment in AAD is usually determined by the assessment of clinical symptoms by
physician expertise (168). Clinical scores do not seem to correlate strongly with GC dose, neither total-
nor body-weight adjusted, and serum cortisol does not differ between well-replaced and over- or under-
replaced individuals (168). Therefore, patient reports of wellbeing and symptoms are used to estimate
the optimal replacement dose. In CAH, symptoms of hyperandrogenism are indicative of under-dosing,
and patients with CAH require higher GC doses to suppress adrenal androgens effectively. Thus, they

might be periodically exposed to both hypercortisolism and hyperandrogenism.

Too high dosing may lead to overweight and cardiovascular risk, while under-treatment entails the risk
of adrenal crises. Patients with PAI develop a bronze colour if undertreated. Nonetheless, patients may
request to be put on a low or high dose (e.g., for women who want to avoid gaining weight), while others
may request a higher dose if they do not feel well or secure (e.g., in the case of AAD). Overall, the
combination of lack of adrenal androgens and periodic too-high cortisol may in particular lead to periods

of hypercortisolism in individuals with AAD.

1.4.1 Novel treatment strategies

Figure 6 compares the circadian thythms of IR-HC, MR-HC and Chronocort® (163). A few years ago,
dual-release medication (Plenadren®) was developed for AAD. This medication releases
hydrocortisone more slowly, so patients need to take their medicine only once a day and thus avoid
sharp fluctuations (169, 170)). Dual-release formulas have both an immediate-release coating and an
extended-release core, resulting in improved mimicking of the normal cortisol secretion profile (170,
171). Improved QoL and metabolic profile have been observed in patients on dual-release
hydrocortisone (172). However, although avoiding sharp peaks and drops in cortisol, the slow-release
medication further abolishes ultradian rhythmicity, which may not necessarily be better. Ideally, the
morning rise in cortisol should be mimicked before patients wake up. For this reason, Chronocort® has

been developed, which patients can take in the evening before going to bed and which starts to release
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cortisol early in the morning, replicating the CAR to some extent (173). This medication is currently
available only for CAH and not for AAD. Even more recently, a subcutaneous hydrocortisone pump
has been developed that should be able to replicate the natural cortisol thythm much more closely,
including ultradian peaks (174, 175, 176). However, this therapy is principally unavailable, and most

patients are on regular oral replacement.

1.5 Brain network organisation

The present thesis will focus primarily on baseline brain organisation regarding the structure and
functional connectivity, and outcomes in cognitive function and wellbeing that may be expected due to
long-term adrenal gland hormone imbalances. To understand the potential impact of disturbances of the
adrenal gland hormone level on the brain in individuals with PAI, the following chapters briefly describe
healthy brain network organisation and cognitive functions. The current view is that the human brain is
intrinsically organised as a reliable set of networks that give rise to cognition and behaviour. Functional
connectivity studies have identified that these networks can be assessed when the participant is at rest,
producing networks that can be segregated and are functionally meaningful (177, 178, 179, 180, 181).
These resting-state networks are characterised by low-frequency fluctuations (<0.1 hz) of the blood-
oxygen-level-dependent (BOLD) signal resulting from synchronised neural activity between and within
different brain regions (182, 183, 184). The spontaneous synchronised fluctuations have been proposed
to derive from metabolic changes due to neural activity, as similar fluctuations are observed regarding
cerebral oxygen consumption (185) and glucose metabolism (186). The degree of functional
connectivity appears to be associated with a nonlinear increase in glucose demand, suggesting that
connectivity hubs are more energy efficient (187). At the same time, the high metabolic demands of

these hubs could make them more sensitive to problems with energy delivery (187, 188).

These resting state networks (RSNs) correspond to the networks employed when engaging in a task and
may reflect experience-dependent brain plasticity caused by repeated co-activation (189). Many RSNs
have been identified and usually include at least the default mode network (DMN), salience network

(SN), central executive network (CEN), which is also referred to as the frontoparietal network, the dorsal
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attention (DN), language, cerebellum, subcortical and various primary sensory and motor networks. The

DMN involves self-referential processing and is anti-correlated to task-related networks (178).

These networks interact top optimise cognitive functioning, where the brain can switch flexibly between
the uses of the networks depending on the demands of the environment. For example, one prominent
theory proposes that the hierarchical interaction between the DMN, SN and CEN is critical for cognition
(190). An imbalance or deviation in connectivity within and between these three networks, and the
ability to switch between them, may underlie many psychiatric and neurological conditions (182, 190).
Mental health problems, in particular, have been associated with frontoparietal control (180), and
depression specifically is commonly associated with stronger DMN connectivity and reduced

suppression of the DMN during tasks (191, 192).

Graph analyses have further shown that the human brain is organised as a small world (193), making
the brain effective at both functional segregation and optimal integration relative to other types of
networks (194, 195). This dynamic of the human brain to balance integration and segregation is
considered important for adapting to environmental insults, including loss of brain volume, impairments
in white matter integrity or metabolic challenges (196, 197). For instance, during ageing, the brain
becomes less segregated, which has been proposed as a compensation mechanism for loss of brain
volume, making it necessary for the brain to recruit a more elaborate network when performing tasks
(197). This flexibility is important in disease processes as it is closely related to the brain’s ability to
compensate for structural changes and maintain optimal functioning for as long as possible (197, 198,
199). Thus, long-term hormonal imbalances might lead to the reorganisation of the brain on a functional
level. However, it may be part of an adaptive process and therefore needs to be interpreted in relation

to cognitive functioning and wellbeing to understand the nature of the changes.

The functional networks rely on a structural architecture, although the exact relationship is still being
clarified, and brain regions can show functional correlations without anatomical connections (200, 201,
202). In addition, long-term brain structure and function alterations can independently affect cognition
and emotion regulation (203). Structural networks also co-vary with each other; i.e., there are
correlations in cortical thickness between regions of the same network that are also particularly strong

for the hubs (204, 205). These correlations may also be activity-dependent, as grey matter has a high
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degree of plasticity due to the ability to form new synapses and dendrites or due to the loss of neurons
when not used. For example, cortical thickness in the insula has been observed to change even after
only 2 months of practicing mindfulness (206). Different brain regions are connected via white matter
tracts, and these tracts' integrity and thickness are relevant for cognitive functioning, specifically

processing speed and 1Q (207).

1.6 Cognitive functioning

Adrenal hormones have a widespread effect on the brain, as described in the following chapters. Still,
some cognitive functions might be more vulnerable than others, depending, among other things, on the
specific molecular mechanisms involved. Given the limited research in PAI, it is of interest to take a
broad and explorative approach to cognitive functioning in these patient groups, especially concerning
brain function and structure. According to the American Psychological Association (APA) dictionary,
cognitive functioning is defined as “the performance of the mental processes of perception, learning,
memory, understanding, awareness, reasoning, judgment, intuition, and language”

(https://dictionary.apa.org/cognitive-functioning, accessed 16" February 2023). Although the

ecological validity of most standardised cognitive tests has been established, the predictive validity of
these tests may be low if the range of outcomes is narrow, i.e., in arelatively well-functioning population
(208, 209). In addition, the brain or the patient may employ compensation mechanisms and strategies
to perform well during testing. In other words, on the one hand, small reductions in test performance do
not necessarily lead to problems in daily life. Conversely, the addition of complexities in life might lead
to problems due to impairments in cognitive function that go undetected in a research setting. It is
therefore of interest to combine direct cognitive testing with self-reported assessments of experienced

difficulties.

1.6.1 Memory

Most psychological and neurobiological models of memory distinguish between short- (STM), long-
term (LTM) and working memory (WM) and between the phases of encoding, maintenance and
retrieval. The specific mechanisms involved may make these processes differentially susceptible to

hormonal disturbances (17, 210). The predominant view is that of a multistore model of memory,
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consisting of STM and LTM as separate processes, with STM employing both phonological and
visuospatial buffers to keep information online, as well as episodic buffers for multimodal information
(maintenance) and a central executive component to manipulate information during WM tasks (211).
STM holds information online for a short time (seconds) and has a limited storage capacity (212). It is
thought that STM consists of memory traces that depend on neurotransmitter depletion, with forgetting

occurring due to decay, interference, or both (212).

In contrast to WM, STM does not manipulate the information; in contrast to LTM, information rapidly
decays in STM. Memories may be stored in LTM during encoding and consolidation and retrieved when
needed. Consolidation depends on synaptic plasticity called long-term potentiation (LTP), and is very
prominent in the hippocampus (213). However, LTMs do not seem to be stored in the hippocampus but,
over time, are transferred to the neocortex during sleep in a process termed systems encoding (214).
WM differs from STM and LTM because it includes an active working component (211). Because of
this working component, WM is often considered an executive function (EF) (215). Models of WM
usually include a central executive, an (STM) episodic and semantic buffer, a phonological loop and a
visuospatial sketch path (211). WM capacity might potentially be increased by training (216). Of note,
memory researchers are still debating whether STM, LTM and WM systems are different processes, as
STM is sometimes considered reactivated LTM, and WM to be an EF using STM (see, for example
(217)). For this thesis, we shall use the classical distinction. Different brain regions and networks are
involved in these functions, with STM depending on primary sensory and sensory integration areas,
LTM on the hippocampus and WM on an elaborate network including mostly frontal, in particular
superior frontal and parietal regions, especially the intraparietal sulcus (212, 213, 216, 218, 219). In
addition, there is a ventral phonological pathway and a dorsal visuospatial pathway employed by STM

and WM for object recognition and visuospatial tracking (220).

1.6.2  Executive functions

The APA defines EFs as “higher level cognitive processes of planning, decision making, problem
solving, action sequencing, task assignment and organisation, effortful and persistent goal pursuit,
inhibition of competing impulses, flexibility in goal selection and goal-conflict resolution.”

(https:/dictionary.apa.org/executive-functions, accessed 16™ February 2023). Problems with EFs are

23


https://dictionary.apa.org/executive-functions

commonly reported in psychiatric disorders and may cause significant impairment in daily life
functioning (221). EFs generate goal-directed behaviour and thoughts and are broadly divided into cold
and hot functions (222, 223). Cold EFs are purely cognitive, logic-based skills that do not involve
emotional arousal or reward-related processing. Examples of cold EFs are inhibition, WM, problem
solving and planning (224, 225, 226). By contrast, hot EFs are cognitive processes that involve affective
aspects such as emotions, the tension between immediate and delayed reward and motivation (222, 223).
In other words, they are cognitive processes “coloured” by these aspects that lead to motivated goal-
directed behaviour. Examples of hot EFs are emotion regulation and delay-discounting. Hot EFs seem
to develop more slowly than cold EFs during adolescence, which might contribute to impulsive

behaviours at this age (223).

Hot and cold EFs use overlapping yet distinguishable neural networks (222, 227, 228). EF is a
prefrontal-dependent function involving brain areas that orchestrate activity in other brain areas to result
in goal-directed behaviour. Although all EFs use the prefrontal cortex, the regions involved depend on
the hotness or coldness of the EF task at hand, which appears to follow a gradient in which the hotter
tasks depend more on medial PFC areas, while the colder tasks use more dorsolateral regions (222). For
example, cold EF is thought to rely more on the dorsolateral PFC and the dorsal anterior cingulate cortex
(ACC) orchestrating activity in parietal areas. Its network largely corresponds to the central
executive/frontoparietal network (222, 227). Hot EF is more dependent on ventral-medial PFC,
particularly the orbitofrontal cortex (OFC), which is involved in value-based decision making, but also

on the DMN, such as the posterior cingulate cortex (PCC), and CEN (227, 229).

1.6.3  Sleep and fatigue

The ability of the brain to maintain optimal cognitive functioning may be negatively affected by sleep
disturbances and fatigue, even in the absence of underlying pathology. Sleep directly affects memory,
because memory consolidation starts with the repeated reactivation of memories into stable
representations during SWS (230). Sleep-dependent memory consolidation is a hippocampal-dependent
process during which memories are transferred from the hippocampus to the neocortex (214, 231).
During REM, these reactivated memories are integrated with pre-existing knowledge, facilitating LTP

(232). In addition, REM sleep seems to be important for effective emotion regulation (233, 234) and is
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associated with emotional memory formation (235). All psychiatric problems, including mood

disturbances, have been associated with sleep problems, especially altered REM sleep (233, 236, 237).

Fatigue lacks a clear definition and is not always straightforward to measure, but it is usually described
as low vitality or perceived lack of energy instead of having the energy to undertake activities (238,
239). Itis measured as self-reported descriptions containing mental and physical components (240, 241).
Measuring fatigue is challenging because of its subjective nature. However, several psychological scales
have been developed to measure fatigue, such as the Multidimensional Fatigue Inventory (MFI), which
has good psychometric properties (242, 243). Prolonged periods of demanding cognitive activity may
result in mental fatigue (244). Mental fatigue is a descriptive state that includes feeling tired, lacking
energy and decreased alertness and motivation (245, 246). The decreased alertness during mental fatigue
has been proposed to be related to alteration in sensorimotor gating (247). Mental fatigue specifically is
associated with impaired cognitive performance (248, 249), reduced activity (250) and many problems
in daily life functioning, including making more errors at work, road accidents, poorer school
performance and even poorer physical performance, particularly endurance (244, 251). Unsurprisingly,
lack of sleep is one of the strongest predictors of fatigue, in addition to stress (241). People also report
affective consequences of fatigue, such as loss of motivation, mood changes and problems with

concentration and memory (241).

On a neural level, mental fatigue is characterised by changes in brain activity both at rest and during
task performance (252, 253, 254). Brain activity has been found to increase when fatigued, which may
be part of a compensation mechanism (255, 256, 257) and may partly be explained by increased
motivation (249, 253). However, the change in brain activity probably depends on the extent of
exhaustion during task activation (258). Because of these compensation mechanisms, mental fatigue
does not necessarily always correlate with worse performance. Mental fatigue may also be a
consequence of the inefficient allocation of neural resources, as is found in people with multiple
sclerosis (MS), who activate more posterior regions during a task with stronger demands. In contrast,
healthy controls recruit more frontal areas (259). Stronger activity and connectivity in the DMN are
found during and after cognitively demanding tasks (254, 260) and in fatigued MS patients (261). By

comparison, reduced activity/connectivity is observed in frontoparietal networks (254), particularly
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during the most exhausting state (258). Fatigue may thus cause a shift in energy expenditure from task-
relevant networks towards baseline self-referential processing (260), although this has not been
consistently replicated (252). Increased rs-fc in patients with MS has also been suggested to be a

compensation mechanism in response to structural atrophy, thereby preventing fatigue (262).

1.7 The role of cortisol and androgens in healthy brain structure and function

1.7.1 Cortisol and androgen effects on the brain

The adrenal gland hormone imbalances may impact these brain networks and cognitive functions
because of the wide range of effects these hormones have on the brain. Cortisol is actively transported
through the blood-brain barrier (BBB) (263), even though the permeability of the BBB may differ
somewhat between endogenous and synthetic forms of GCs (264). In addition to adrenal-derived
cortisol, there is some indication, based on the presence of mRNA, that cortisol might be produced de
novo in the brain. However, the evidence for this claim is limited, and little is known about its relevance
to brain function (265, 266, 267). GCs act upon gluco- and mineralocorticoid receptors expressed widely
throughout the brain by most cell types, including neurons, oligodendrocytes and microglia, the brain’s
immune cells (268, 269, 270). Although the GR is found in all brain regions, it is expressed to a greater
extent in limbic regions such as the hippocampus, amygdala and prefrontal cortex (271). GRs are
expressed by neurons and astrocytes, particularly oligodendrocytes (268, 269, 270). In contrast to the
GR, the MR is expressed predominantly in the limbic system (272). Cortisol has a 10 times higher

affinity for the MR than the GR, and at rest, most MR receptors in the brain are occupied (273).

Cortisol can therefore be expected to affect a broad range of functions in the brain. Animal studies have
shown that GCs affect neurogenesis, cell proliferation and dendritic arborisation. Still, the effects are
region- and dose-dependent, with higher GC doses impairing neurogenesis, whereas intermediate doses
stimulate neurogenesis, depending on which brain region is being investigated (274, 275).
Oligodendrocytes require GCs to develop, so white matter is susceptible to GC alterations and may be
impaired as a consequence of such alterations, in particular when cortisol levels are too high (268, 269,
276). Cortisol exerts its effects on the brain through rapid non-genomic and slow genomic effects, the

latter occurring more than 1 h after a cortisol peak (34). Non-genomic effects of GCs are needed for
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rapid responses to stress and are regulated via receptors in the neuronal membrane, which can affect
neurotransmission in the brain within 20 minutes (34, 277, 278). The precise action of GCs depends on
the activated receptor type. Rapid non-genomic effects of GCs have been found, among other areas, in
the hippocampus, amygdala and paraventricular nucleus and are mediated by changes in glutamatergic
and GABAergic neurotransmission (34). For example, in the hippocampus, rapid effects include
enhanced frequency of excitatory miniature postsynaptic potentials (279), which seems to be dependent
on membrane-bound MRs (280). Slow genomic effects work through gene regulation, as GR and MR
are transcription factors, and seem to have timing-dependent effects, with down-regulation of genes
occurring within 1 h of a cortisol peak, upregulation of genes after 3 h and expression levels back at
baseline after 5 h (281). Many genes are targeted, including those involved in energy metabolism and
signal transduction (282). For example, GR increases expression of the glutamatergic NMDA receptors,
one of the mechanisms constituting LTP (210, 283). However, the precise effects are region and sub-
region dependent (34), and the overall impact of changes in excitatory and inhibitory neurotransmission
on brain function that is measurable by functional MRI (fMRI) might be small because the GCs changes

are context-specific (18).

In contrast to cortisol, sex hormone effects on the brain are not well understood and are complicated by
the fact that they are converted locally to other sex hormones. Considerable attention has been given to
the potential neuroprotective role of DHEA, a potent neurosteroid that can also be converted to other
neuroactive steroids (284, 285, 286). This hypothesis is mainly based on animal research, which is
problematic since DHEA and its increased production as a result from adrenarche is a very human
phenomenon. Nonetheless, DHEA and its metabolites have been shown to affect glutamatergic and
GABAergic neurotransmission (e.g., through DHEA's negative allosteric modulation of the GABA
receptor) (287, 288, 289, 290). Like many other neurosteroids, DHEA is produced de novo from
cholesterol by neurons and glia throughout the brain, especially in the hippocampus (291, 292, 293).
However, it has not yet been established if DHEA synthesis in the brain is independent of that in the
adrenal glands, nor what the relative contribution of brain-derived or adrenal-derived DHEA on brain
function is (294). DHEA may have neuroprotective effects partly through its antioxidant and its anti-

glucocorticoid and anti-inflammatory properties that have been found in rodents (71, 72, 73) and may
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stimulate neurogenesis and neuronal survival (73) through inhibiting the suppressive effects of
corticosterone (295). The anti-inflammatory properties of DHEA and DHEAS might reduce brain
microglia activity (296). DHEA protection from excess GC may be particularly relevant in white matter
(297, 298), but it is also abundant in the hippocampus (299). The high density of both cortisol and sex
hormone receptors in the hippocampus makes this region particularly vulnerable in women with AAD

and CAH (300).

1.7.2  Cognitive functioning

Cognitive function and emotion regulation are affected in the shorter term by fluctuations in the transient
levels of cortisol and other hormones required for behavioural and cognitive flexibility, but that impair
cognitive function during chronic stress (301) and may even contribute to damage to the nervous system
(302) and neurodegeneration (303). Optimal performance on memory tasks has been suggested to
depend on a delicate balance between activation of the GRs and MRs (210). STM encoding requires
activation of MRs, whereas consolidation and retrieval depend on GR-mediated gene transcription of
glutamatergic NMDA receptors (210, 283). Furthermore, the MR is chiefly involved in visuospatial
WM and potentially verbal memory (VM) (304, 305). While LTM seems to depend on the slower
genomic effects of GC on synapse formation, autobiographical and episodic memory formation, a
hippocampus-dependent process, takes place at a larger time scale through systems encoding, i.e., the
transfer of memories from the hippocampus to the neocortex (231). This process primarily takes place
during sleep, and low cortisol levels at night are thought to mediate the transfer and consolidation of
memories (306, 307). At the same time, retrieval of autobiographical memories might be less dependent
on cortisol receptors (308). Moreover, cortisol could influence memory performance through its effect
on the number of items held in STM by influencing the delay of the visual trace in the occipital cortex
(309). These combined effects of receptor function and fluctuating cortisol levels form a U-shaped
relationship with cognitive function in general, with cortisol levels impairing cognition when they fall

below and rise above the threshold for optimal functioning (310, 311, 312).

Interestingly, a similar U-shaped relationship is found between noradrenaline, dopamine and glutamate
conceming WM performance, with too little or too much impairing PFC function (313). In healthy

people, this U-shaped relationship of cortisol with cognition is thought to be closely related to the
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ultradian rhythm of cortisol secretion. This relationship between cortisol and cognition was recently
shown in healthy volunteers in which the ultradian rhythm was artificially suppressed. The volunteers
exhibited problems with WM and emotion regulation (54). This finding is fascinating in light of the
development of dual-release medication, which, although avoiding supra and infra-physiological
cortisol levels, completely abolishes any ultradian rhythmicity. For cognitive function, this might not

necessarily be optimal.

Androgens have been found to have an overall beneficial effect on cognitive control, VM and spatial
cognition in humans, with most research having been done on DHEA (314, 315, 316). Studies also
report a positive impact of DHEA on WM, though potentially at the cost of emotional memory and
social understanding (317). However, the relationship between DHEA and cognition is complex and
task-dependent, and a consistent beneficial effect of DHEA replacement in older postmenopausal
women has not been identified (81, 318). For example, DHEA replacement in older women improved
attention but impaired hippocampal-dependent memory after exposure to stress (319). It also enhanced
perceptual memory but impaired recognition memory, while estrogens had the opposite effect (320). In
addition to the effects on cognition, DHEA is thought to have antidepressant and anti-anxiolytic effects
(321, 322). Antidepressant effects of DHEA have been proposed to occur via its metabolism into the
neurosteroid androsterone (60). DHEA administration may reduce adverse effects and emotional
memory by affecting activity in the limbic system (323), cause a shift from the salience network to the
DMN at rest (324) and regulate bottom-up visual attention and WM through the functional connection
between the amygdala and hippocampus (325, 326). Conversely, age-related loss of sex hormones
accelerated brain ageing, leading to hypometabolism and altered hippocampal activity related to
memory functions (327, 328). Because of the anti-GC properties of DHEA, it has been suggested that
a specific ratio between cortisol and DHEA may be needed for optimal cognitive function, where DHEA
and cortisol assert opposing effects (72, 329), potentially via hippocampal and amygdala connectivity
(330). Therefore, the specific changes in cortisol-DHEA ratios in individuals with CAH and AAD may
lead to problems with emotion regulation and other cognitive functions, though the specific effects may

be difficult to predict in particular on the long term.
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1.7.3  Stress adaptation

In healthy people, the effects of cortisol on cognitive functioning are highly timing- and context-
dependent through a link with the flexibility of the HPA axis that is needed, especially in stressful
situations. Because the flexibility of the HPA axis is sub-optimal in patients with PAI, the neural
networks involved in responding to stressful situations are expected to be adversely affected. Stressful
situations invoke an adaptive brain mechanism during which a shift occurs from cognitive control
networks to the salience network (331), which helps the individual focus on the situation and enhances
emotional responses and emotional memory (332, 333, 334, 335, 336, 337). It also improves memory
of the situation and context (338, 339) through functional connectivity between the amygdala and
hippocampus (340). At the same time, retrieval of autobiographical memory of non-related stimuli
might be impaired (338, 341). The system then returns to homeostasis facilitated by an increase in
cortisol by the slower response of the HPA axis, which has been proposed to increase WM and emotion
regulation abilities such that cognitive control is regained (332, 333, 334, 335). These processes of
emotion regulation may be facilitated by the ultradian rhythm of cortisol secretion, since suppressing
this rhythm in healthy persons resulted in a bias towards negative stimuli (54). In individuals with PALI,
a disrupted cortisol rhythm could reasonably be expected to affect emotion regulation and WM
processes, especially under stressful situations. Such problems could potentially contribute to the
development of symptoms of anxiety and depression, either due to difficulties with top-down WM and

emotion regulation or bottom-up emotion responses (342).

1.7.4  Sleep

In addition to the cortisol awakening response, the circadian rhythm of cortisol secretion is closely
linked to other aspects of sleep. Low cortisol levels in the evening and night have been proposed to
facilitate sleep, while the first hours of sleep are associated with the inhibition of cortisol secretion (166,
343). Cortisol also plays a crucial role in sleep stage initiation and maintenance and is thought to help
consolidate memories at night (307). Lower cortisol levels are associated with more and deeper SWS,
notably increased delta sleep, found predominantly at the beginning of the night (166, 343, 344, 345,
346, 347), while higher cortisol is associated with less SWS (47, 166). In contrast, a higher level of

cortisol, especially in the last sleep cycle in the early morning, is associated with increases in REM sleep
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(165). Accordingly, individuals with PAI may experience disturbances in these sleep cycles that could
affect the cognitive functions with which they are associated, and lead to daytime fatigue. Furthermore,
the lack of CAR may have effects throughout the day (348), as it influences resting state-functional
connectivity (rs-fc) in the afternoon (349) and predicts response inhibition on the same day (350), and

affects the brain’s preparedness for stress (351).

1.8 Long-term effects of cortisol and androgen dysregulation

Based on the above we may expect that potential problems with cognitive functioning, emotion
regulation and sleep in PAI may result from transient fluctuations in the neurochemical environment
due to the challenges in optimizing replacement therapy, as well as long-term rewiring of structure and
functional networks of the brain. These could involve a multitude of compensatory responses and
epigenetic changes. Because AAD and CAH start during different developmental time windows, their
brains may be differentially sensitive to hormonal disturbances. For CAH, the entire developmental
trajectory is altered. Patients with CAH experience cortisol deficiency and androgen excess in utero and
are treated with cortisol replacement from week two of life if diagnosed through a neonatal screening
programme. Pre- and postnatal hormonal effects might each affect the brain independently, even though
it is impossible to disentangle these effects at this stage, especially in the absence of a large cohort of
prenatally treated cases. Postnatal, high cortisol doses are used to suppress the adrenal androgen excess,
but this may not always be achieved. Hence, women with CAH are still periodically exposed to high
androgen levels. Contrarily, no prenatal abnormalities are expected for those with AAD. Nevertheless,
they are exposed to a complete lack of cortisol and adrenal androgens postnatal from the time of disease
onset, with only GCs being replaced in most cases. They usually have a long prodromal phase of the
disease before being diagnosed. These factors may already have contributed to altered brain structure

and function development beyond sub-optimal treatment effects.

1.8.1 Prenatal effects of cortisol and androgen dysregulation

Prenatal cortisol and androgen levels are tightly regulated and produced by the adrenal cortex, which
develops early in foetal life (before gestational week five) and contains the steroid-producing “foetal

zone” (352, 353). Expression of GRs increases in week four (270), and from week eight, cortisol

31



production in response to ACTH stimulation is observed (354). A surge in cortisol about weeks 7-12
suppresses the androgen levels and ensures female sex development in 46,XX foetuses. Lack of this
suppression results in virilised external genitalia in girls with CAH. Cortisol entry in the placenta from
the mother is strictly regulated by the HSD11B2 enzyme, which becomes less active only later in
pregnancy when more cortisol is needed for organ maturation (355, 356, 357, 358). The fact that CAH
cases with null mutations can survive suggests that the lack of cortisol during foetal life is at least not

necessarily fatal.

Lack of cortisol and excess androgens during the entire pregnancy might thus affect the structural
development of the brain in CAH cases. Structures developing during the first trimester, mostly
subcortical, may be especially vulnerable because maternal cortisol entry to the foetus is inhibited during
this time (355, 356, 359, 360). Effects on brain structure development may occur either through a direct
effect on the developing neurons and astrocytes or through prenatal programming, including possible
alterations in DNA methylation of HPA axis regulators (361, 362). To what extent prenatal adrenal
gland disturbance affects gene methylation and other epigenetic processes in CAH is unknown, as no
neonatal methylation studies have been conducted and postnatal treatment might override these effects.
In humans, only research on excess prenatal cortisol seems to exist, either in the context of prenatal
stress or synthetic GC administration (362, 363, 364). This research has shown, among other long-
lasting effects on gene expression in neuronal cells (270), changes in brain structure (365, 366, 367,
368, 369), cognitive functioning and behaviour (370, 371,372, 373, 374) and methylation of HPA axis
genes, including the GC receptor (375, 376). Prenatal cortisol disturbances therefore seem to have long-

lasting effects on the developing brain that might be mediated by altered sensitivity of the HPA axis.

The role of DHEA in brain development remains largely unknown in humans. Animal studies have
shown that DHEA can increase neurite growth during foetal growth and reduce neuronal death (286).
Moreover, it may be involved in developing the organisation of the neocortex by guiding axonal growth
(377). Studies on humans are difficult to conduct, but in cells derived from the human foetal cortex, the
increased growth rate of neural stem cells was observed in response to DHEA (378). Excess prenatal
androgens may be expected to result in masculinisation of the brain. Sex hormones have a complex

effect on the brain and behaviour, and sex differences likely depend on the presence of the Y-
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chromosome, sex hormone levels and differences in socialisation (379, 380). Prenatal androgens cause
sexual differentiation of the brain, in particular nuclei in the hypothalamus, as well as the amygdala,
while a second surge in androgens during puberty further induces sex-specific sexual behaviour and
phenotypes (299). Androgen excess is usually associated with increased amygdala volumes (381, 382).
Both androgens and estradiol are involved in hippocampus development (299). The hippocampus
develops early in the second trimester, and rodent studies have found that pre- and postnatal testosterone
exposure results in larger CA1 and CA3 volumes because of increased dendritic arborisation (383, 384,
385, 386). Behaviourally, there are some slight but consistent sex differences, especially spatial
learning, in favour of males, and verbal learning, in favour of females (379). Animal studies found that
females preferred context-dependent hippocampal learning, whereas males preferred proprioceptive-
dependent striatum learning, with this preference depending on testosterone (387, 388). This difference
was proposed to be related to sex differences in cholinergic release in the hippocampus (388, 389).
Thus, differences in neurotransmitter functioning may be related to sex hormone levels. The extent to
which prenatal androgens contribute to sex differences in cognition and behaviour has not been
adequately studied. Evidence comes mostly from individuals with CAH and complete androgen
insensitivity syndrome (CAIS), possibly indicating that androgen exposure prenatally affects mostly
personal characteristics (e.g., interests and sexual orientation), but not so much gender identity and
cognitive functioning (314, 390, 391). Nonetheless, prenatal hormonal imbalances may affect brain
development in individuals with CAH, though neonatal studies would be required to be able to compare

these effects to postnatal treatment effects throughout life.

1.8.2  Postnatal effects of cortisol and androgen dysregulation

Children with CAH are treated from birth with high doses of GCs. Nonetheless, even in postnatal life
they may still be exposed to high androgen amounts and cortisol periodically when androgens normally
should be low. Consequently, children have a risk of entering precocious puberty with poor disease
control (392). How this specific combination of factors might affect the developing brain is unknown.
Brain structural and functional development is thought to continue into the mid-20s of postnatal life and
synaptic pruning mostly during adolescence (393). Because of the slow maturation of the brain, the age

of diagnosis may also be relevant for patients with AAD, particularly when diagnosed <18 y of age.
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Notably, the brain might be differentially sensitive to the effects of cortisol during different
developmental time windows, with greater sensitivity during early years relative to adulthood (394,
395). Thus, the effects of PAI on the brain might be expected to be different between AAD and CAH,
as well as between AAD patients who become ill either during adolescence or later in life. Ultimately,

their brains may follow alternate developmental trajectories (198).

Most studies on cortisol dysregulation have focused on long-term cortisol excess in adults, such as in
stress-related disorders or Cushing's disease (CD). Because individuals with PAT lack cortisol, the effect
of'these diseases on the brain is likely to differ to some degree from other disorders of cortisol regulation.
However, current oral GC replacement therapy results in periods of excess cortisol that may result in

effects resembling those of hypercortisolism (396).

1.8.2.1 Cognition and behaviour

Individuals with CD, exposed to prolonged periods of hypercortisolism, have problems in nearly all
cognitive domains. Visuospatial and linguistic skills seem to be more affected, as well as memory
encoding as opposed to consolidation and retrieval (397, 398, 399). These problems are found in patients
with active disease, although some improvement occurs with remission (398). In addition to performing
worse on tests in the lab, patients also self-report problems in other life domains (397), including
attention problems and irritability (400). Self-reporting complaints about memory, attention and other
cognitive issues are substantially higher than detected problems in a research setting, suggesting that
experimental tests may not fully capture the difficulties experienced by patients in real life (397).
Patients with CD also have increased symptoms of depression and anxiety (401). The cognitive and
mood-related problems in CD persist even years after the remission of their disease, with patients

continuing to experience difficulties with depression, anxiety, phobia (402) and STM (399).

The effects of long-term cortisol dysregulation seem to be dose-dependent. In individuals treated with
GCs for various reasons, depression is a common side effect, as well as problems with declarative
memory and WM that may be partially relieved with antidepressant medication or NMDA-receptor
antagonists (403). Excessively high GC doses are associated with adversities such as mania, psychosis

and even suicide attempts (404). In contrast, subclinical hypercortisolism, as may be found in patients
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with adrenal incidentaloma, was associated with better performance on VM and other cognitive tests,

despite higher incidences of insomnia and perceived stress (405).

1.8.2.2  Brain structure

Problems with cognition may arise from underlying changes in brain structure and function. Studies are
beginning to shed light on the relationship between cortisol and human brain structure. For example, in
adults, studies with structural magnetic resonance imaging (MRI) have found a link between heightened
cortisol levels and widespread brain atrophy in patients with depression (406) and reduced cortical
surface area of the left anterior cingulate gyrus, right lateral OFC and right rostral middle frontal gyrus
in older people (407). Patients with CD have alterations in both grey and white matter (401, 408), most
notably reduced hippocampal volumes (409). Some brain regions and white matter tracts might be more
vulnerable than others due to the distribution of GRs in the brain. Accordingly, the hippocampus and
other limbic regions are some of the most consistently reported structures affected by cortisol
dysregulation. Structural changes generally correlate with cognitive difficulties and symptoms of
depression (401, 409). In healthy volunteers, the administration of hydrocortisone for 3 days already
resulted in a 1.69% smaller hippocampal volume (410). Reduced volume due to excess cortisol may be

caused by glutamate excitotoxicity as it is reversed by a glutamate antagonist (411, 412).

It is not clear whether these structural alterations are reversible. CD shows that some changes in grey
matter are reversible, whereas white matter changes are more likely to persist in remitted patients (402,
413, 414). However, another study found that the loss of white matter fibres (seen as diffuse white
matter hyperintensities) might also be able to reverse (415). This finding has implications for PAI
because adapting GC doses could improve brain health if changes are reversible. Cumulative GC dose
is also related to white matter impairments, with the latter being associated with attentional deficits in
patients with systemic lupus erythematosus (416). One study on children exposed to GC treatment
during childhood to treat rheumatic disease and nephrotic syndrome had changes in white matter

microstructure in the left uncinated fasciculus but not the right (417).
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1.8.2.3  Brain function

Long-term cortisol imbalances are expected to affect the brain's functional organisation at rest and
during task performance. For example, rs-fc was associated with cortisol in patients with depression
(418), particularly with enhanced connectivity in the cognitive control network (419). Cortisol
imbalances may be expected to affect hubs of those networks with a high density of GR, including the
hippocampus and amygdala of the salience network, the middle frontal cortex of the central executive
network and the medial frontal cortex of the DMN. In addition, the main hubs of the brain, such as the
precuneus of the DMN (420), are high in metabolic demand (421). Because cortisol is involved in
glucose metabolism, sub-optimal cortisol levels might affect brain activity, especially during demanding
tasks in those areas with the greatest metabolic needs (422, 423). Patients with CD have been found to
have altered functional connectivity at rest (424) and during WM performance (425) in networks of the
limbic system and the DMN (424, 426, 427). Higher cortisol levels and time since remission were

associated with stronger rs-fc in several networks (424, 426, 427).

Moreover, one study reported an association between glucose metabolism and cortisol in several regions
of the limbic network (428). In patients with Alzheimer’s, higher cortisol levels in parietal regions are
associated with hypometabolism (429). Less efficient energy consumption, as seen in problems with
processing speed and error rates, might also be related to fatigue (430). However, brain networks are
dynamic and compensatory mechanisms may be operative (198). For example, compensatory
hyperconnectivity has been found in children with diabetes (431). Hence, changes in functional

connectivity might either reflect compensatory or maladaptive activity.

1.9 Brain structure and function in CAH and AAD

Based on the above overview, it may be expected that problems with cognition and brain health are
found in individuals with PAIL. To understand the effect of PAI on the brain, it is first necessary to
determine whether patients display and experience difficulties with cognitive functioning and emotion
regulation and, if so, in which specific domains. We then need to ask what are the most important factors
contributing to these problems, the underlying brain mechanisms and how we could improve brain

health in this patient group in the long term.
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1.9.1 Congenital adrenal hyperplasia

1.9.1.1 Cognitive functioning in CAH

Studies on CAH have addressed cognitive functioning, behaviour and, to a smaller extent, brain
structure and function at different ages and in the context of prenatal DEX treatment. Inconsistent and
contradictory results have been found in cognition, mood and behaviour in CAH, which may depend on
differences in the study cohorts such as sex, age, number of experienced SW crises, treatment strategies
and, above all, the existence of a prenatal screening programme in the country where the study was

conducted.

Children with CAH have been shown to have impairments in WM (432) and STM, with the latter
predicting worse spatial and arithmetic performance (433). The authors proposed that problems with
higher-order cognitive function in CAH could result from deficits in STM (433). In adults, negative
effects on full-scale IQ were seen in some cohorts from countries without a neonatal screening
programme, where patients might have been exposed to early hyponatremic or hypoglycemic episodes
(434, 435). In addition, patients might have an increased risk of psychiatric diagnoses (436, 437).
Difficulties with negative-emotional memory have also been observed in individuals with CAH (438,

439). Otherwise, another study did not find impairments in general intelligence in adults (440).

Results from our research group have shown good overall behavioural adjustment in children with CAH
aged 7-17 y (441) and no significant differences in cognitive performance compared to population
controls. However, children with SW CAH performed worse on visuospatial WM than those with SV
CAH (442). The neonatal screening programme in Sweden might have contributed to the overall good
performance. However, as young adults, the patients performed worse on tests assessing EF, including
verbal and visuospatial WM, processing speed and inhibition (443). Thus, it seems that a cumulative
effect of GCs (and overall disease burden) over time may cause a worsening of cognitive abilities in

CAH. Overall, these effects are seen in both men and women.

Because of the pre- and postnatal excess androgens, it was thought that women with CAH might benefit
from neural masculinisation in cognitive functioning (444), potentially at the cost of reduced emotion

processing (439). However, although girls and women with CAH display more male-stereotyped
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behaviour (445) and more male-typical amygdala responses to negative facial cues (446), cognitive
masculinisation in females with CAH has not been consistently found. It might be opposed by the
negative effect of postnatal cortisol treatment on verbal WM (433). In addition, CAH has reduced, as
opposed to increased, amygdala volumes (447), the opposite of what would be expected from excess
androgen exposure (381, 382). These findings suggest that prenatal androgen exposure has little effect
on cognitive performance, and postnatal treatment efficacy may be more important. The effects of
prenatal DEX treatment on cognition and behaviour in girls and boys with CAH are also inconclusive,
largely due to the extremely low number of participants, with only eight girls with CAH treated

prenatally with DEX in Sweden (448, 449).

1.9.1.2  Brain structure and function in CAH

Initial studies on brain structure in CAH have been conducted on small cohorts without control groups
or were case studies. These studies mainly reported increased white matter abnormalities and
hippocampal atrophy (450, 451, 452, 453). In an early study, individuals with CAH were found to have
smaller amygdalae (447). Recently, Webb and colleagues observed widespread alterations in white
matter microstructure (reduced fractional anisotropy (FA) and increased median diffusivity (MD)) in
addition to reduced volumes of the bilateral thalami, brainstem, cerebellum and right hippocampus. The
authors also reported reduced mesial temporal lobe choline content in adult women with CAH (age 18-
49 y) (454). Those on a higher GC replacement dose (doses ranged from 16-25 mg/day) had more

impairments of white matter and performed worse on cognitive tasks assessing EFs (454).

Cotter et al., (2021) investigated 23 youth with CAH (range 8-18 years old) and found impairments in
white matter microstructure in the fornix and stria terminalis, the tracts connected to the hippocampus
and amygdala and which were the specific regions of interest (ROIs) for that study (455). Lower FA in
the fornix was associated with smaller hippocampal volumes, while lower FA in the stria terminalis was
associated with smaller amygdala volumes. However, they found no association with GC replacement
dose or other clinical parameters. The authors propose that the impairments in white matter may be due
to inflammatory processes (455). This conclusion was based, among other, on the finding in mice that

WM microstructure measured with the same imaging technique they used (NODDI) was associated
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with microglia density and activity in the neurite space (456). These studies indicate that white matter

and subcortical structures are highly vulnerable in CAH.

Furthermore, the CAH youth, based on the same cohort as (455), also had smaller intracranial volume
(ICV) and smaller volumes of prefrontal cortex regions, namely bilateral superior and caudal middle
frontal and left lateral OFC (457). The left hippocampus, lateral nucleus of the amygdala and
hippocampal subiculum and CAl sub-regions were also smaller in these CAH youth. Yet, no
relationship was seen with any clinical parameters, such as medication dose or markers of androgen
excess (457). Although both cohorts indicate altered volumes in regions of the limbic system, the
authors did not perform a whole-brain analysis. Thus, they may have missed structural changes in the

other brain areas.

Our research group has also found hypermethylation of two CpG sites, FAIM2 and SFI1, involved in
neuronal functions (458). The involvement of FAIM2 in neuroprotection via an anti-apoptotic
mechanism (459, 460) suggests that this gene may be involved in changing the brain's developmental
trajectory in CAH. Those with a higher GC dose had a higher degree of methylation of this CpG site

(458).

In sum, white-matter impairments are a consistent finding in individuals with CAH, as well as whole-
brain atrophy and reduced volumes of areas of the limbic system. The relationship with disease-related
parameters remains unclear, although a higher GC dose may be associated with worse outcomes
regarding white matter microstructure and cognitive functioning (454). These studies were done on
youth or women only, and the authors limited their analyses to some areas of interest. Whole-brain

analyses that include both sexes and individuals at young adult age are still lacking,

1.9.2  Autoimmune Addison’s disease

The link between AAD and psychopathology was made already in the 1950s (461) and even earlier, in
1899, when Kippel proposed “encephalopathy addisonienne”; in other words, noting the co-morbidity
of AAD with neuropsychiatric symptoms (462). Later, case studies reported psychiatric co-morbidity
or psychosis and other psychiatric symptoms in individual patients (141, 463, 464, 465, 466). More

recent cohort studies have shown increased symptoms of anxiety and depression in individuals with
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AAD (127, 129, 467), in addition to sleep disturbances and complaints of fatigue (468, 469). Besides a
potential direct effect of sub-optimal GC blood levels on cognition and mood, an indirect effect of a

disturbance in the sleep/wake cycle might significantly contribute to the impaired QoL of patients with

AAD (470).

Studies addressing cognitive performance in AAD have reported mixed results. Differences in findings
can be due to differences in test batteries, with some groups employing more elaborate cognitive testing
than others. There is also variation in group composition (e.g., combining groups with different causes
of PAI, age ranges and sample size). Some studies report specific problems with inhibiting pre-potent
responses (Stroop task) (471, 472), certain components of attention, namely vigilance and alertness (in
a combined sample of PAI and secondary adrenal insufficiency (SAI)) (473), logical, auditory (verbal)
and visual memory tasks. EF (474), verbal learning and declarative memory (475). Problems with
episodic memory were found in one study through a telephonic assessment. Longer illness duration
correlated with poorer performance across all cognition domains, including episodic memory, attention,
executive functioning, reasoning and processing speed (476). This finding suggests that cumulative
disease burden or prolonged exposure to GC medication worsens cognitive abilities, similar to what we

observed in the CAH cohort (442, 443).

On the other hand, Tiemensma and colleagues found that patients performed better than controls on
concentration and part of an attention task, which they propose might have resulted from greater
motivation to participate than controls (474). The deficits found in (474) were of small effect size.
Likewise, in another cohort, although patients did show more depressive symptoms and worse
performance on verbal learning, they did not differ from controls in EF, concentration, WM, VM,
visuospatial memory and autobiographical memory (477). Thus, even after an average of 18 y of disease
duration, the authors found few problems with cognitive functioning in PAIL It must be noted that they
decided to include body mass index (BMI), depressive symptoms and systolic blood pressure as
covariates in their analyses. These variables correlated with several tests (e.g., BMI was associated with
performance on the Stroop test). If these parameters result from having the disease, this may have

confounded their findings, and the patient may have more impairments than reported.
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The performance of patients on cognitive tasks and their mood may also vary depending on the relative
balance of GR and MR occupation, i.e., when they took their hydrocortisone and fludrocortisone
medication (478, 479). Verbal learning and WM (digit span) were better in patients when both MR and
GR were occupied (478), which is noteworthy in that mostly VM functions seem to be affected in AAD.
(479) found that, in addition to VM, current mood was also better during high MR occupation. In real
life, all patients of course take their MC medication in the morning, and hydrocortisone binds both GR
and MR. However, at times MR occupation in the brain might anyway become low, when cortisol levels

have fallen below what is physiologically normal.

Problems with cognition may be mediated by sleep and fatigue. One study directly assessed the effect
of sleep on memory in AAD, finding that while sleep improved performance on a declarative memory
test in healthy controls, this was not the case for individuals with AAD, suggesting that the low levels
of night-time cortisol prevent memory consolidation (475). Severe fatigue is found in approximately
40% of CAH and AAD patients (480), and patients with AAD frequently report sleep problems (468,
470, 475). In one study, 48% of the patients reported feeling abnormally fatigued, with 61% reporting
severe fatigue (481). Poor sleep and fatigue may be important factors that could contribute to increased
mortality in patients (482). Factors contributing to fatigue in that study were distress, sleep disturbance,
physical activity, concentration problems and social functioning (480). These issues are likely part a
vicious circle, with sleep problems and fatigue leading to problems with cognition. Most studies have

not considered sleep and, in particular, not general and mental fatigue.

Sleep problems may be the result of the lack of cortisol at nighttime. This deficiency in cortisol affects
the cortisol awakening response, which is missing before patients wake up, and other aspects of sleep.
Evening cortisol levels depend on when patients take their last dose, usually later for CAH than for
AAD but at least several hours before bedtime. High cortisol levels at night might reduce SWS, whereas
low cortisol levels in the morning may reduce REM sleep (47, 164, 166, 347, 483). The effect on SWS
depends on the time of intake of the latest cortisol dose. If evening cortisol levels are already low, SWS
in patients might be elevated in addition to reduced REM (347). However, sleep efficiency may be
higher than patients report, and daytime fatigue may be present in patients independent of sleepiness

(468). Besides sleep problems, low (evening) cortisol levels may directly cause fatigue in patients, and
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episodes of nighttime hypoglycaemia have been reported that could have serious adverse effects (484).
Administering a higher cortisol dose in the evening in children with CAH did not improve measured
sleep activity (485). Moreover, nighttime intravenous HC administration in a small cohort of SAI and

PAI patients did not improve sleep either (153).

How the potential problems with cognitive functioning relate to GC replacement dosing, type or
scheme, or other disease-related factors remains obscure. Studies on isolated AAD or combined cohorts
of PAI usually did not examine this question. However, plasma cortisol levels were not related to
performance on cognitive tests in one study (474). Direct testing of the relationship between
replacement doses and performance has been done on SAI and cohorts combining PAI and SAI patients.
For example, in a study of PAI and SAI that included three patients with AAD, affected individuals on
higher replacement doses performed worse on a STM test (r = -0.55), with doses ranging between 10-
37.5 mg/day (153). In the attention study on PAI and SAI, a higher dose (>24 mg/day) was associated
with impaired attention, visual-motoric skills and EF (473). Doses >30 mg of hydrocortisone per day in
adult patients have been related to worse outcomes in QoL (137). These findings suggest that higher
cortisol doses may cause hypercortisolism and thus lead to non-optimal brain function. However, a
higher dose of Plenadren (>20 mg) was associated with better sleep quality, although Plenadren did not
improve QoL in a cohort of PAI and SAI patients (486). Patients with SAI on a relatively higher
replacement dose were less fatigued and had fewer symptoms of depression and improved motivation
but did not differ in cognitive functioning, with low doses defined as 15-20 mg and high doses as 30-40
mg (487). Although these studies include large cohorts of SAI and these findings therefore not
necessarily translate to isolated AAD, they do suggest that higher doses may not be worse for all aspects

of functioning.

Some studies have tried improving cognition by controlling glucose levels, but glucose infusion had no
beneficial effect on cognitive performance (471). Only high-calorie comfort food may enhance
cognitive functioning a little (attention and memory) (472), and a late-night slow-carb release snack was
found to improve nighttime glucose levels at least in one patient (484). In fact, Klement et al., (2010)

studied patients with AAD under stressful conditions (the Trier social stress test) and found higher
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“neuroglycopenic symptoms” in patients in response to the test, with comfort food slightly improving

these symptoms (472). At the same time, it did not improve symptoms for controls (472).

Taken together, although some disparate results are found in studies assessing cognitive function in
AAD, the most consistent impairments are found for verbal learning and memory and attention, and
potentially also other EFs (471, 472, 474, 476, 477), which might partially be mediated by problems
with sleep (475). These previously described difficulties point to the vulnerability of hippocampal-
dependent leaming (verbal and episodic) and prefrontal-dependent tasks such as attention and other
EFs. Thus these brain regions may be expected to be affected in individuals with AAD. There is still a
major gap in the literature of cognition and the brain in PAL No neuroimaging studies have been
conducted in AAD at all up until recently. Few studies have considered sleep and fatigue as mediating
variables despite the frequently reported problems with these domains in AAD. A major challenge in
studying AAD and CAH is of course that they are rare disorders. Therefore, obtaining a large sample
size may be challenging, resulting in relatively small cohorts and wide age ranges, including PAI and
SALI and other adrenal insufficiencies. Finally, studies on AAD usually include older individuals, while

relatively little is known about isolated Addison’s in younger individuals.

1.10 Hypothesis

Because of the difficulties in optimising adrenal gland hormones, and the effects these hormones have
on the brain, we hypothesize that individuals with CAH and AAD have problems with cognitive
functioning, changes in grey and white matter structure and altered functional organisation of the brain
at rest. These changes are expected to be associated with GC replacement dose and disease duration.
Fatigue is expected to be an important mediator of cognitive and brain functioning in PAL. We also

expect that women with AAD will be more affected than men.
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2 Research aims

This thesis aims to identify the impact of PAI treated with oral replacement medication on cognitive
functions, brain structure and brain function. We aim to determine 1) whether individuals with PAI
experience and display problems with cognitive functioning, 2) which factors, such as mood, fatigue
and disease-related factors, are associated with these problems, 3) whether there are differences in brain
structure and functional activity and 4) whether alterations on the level of the brain are related to
cognitive problems and disease-related factors. We also aim to assess the modulating effects of sex. An
exploratory whole-brain approach will be applied to evaluate PAI's impact on brain structure and
functional activity at rest. This thesis aims to identify brain vulnerabilities in relatively young patients
with PAI that might require attention to improve cognitive function and QoL. Ultimately, the knowledge
gained in this thesis can be used as a basis for future studies on the effects of novel treatment strategies

to improve long-term wellbeing and optimise brain health in individuals with PAL
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3 Materials and methods

3.1 Design

The studies in this thesis use a cross-sectional design comparing individuals with CAH and AAD to
healthy controls from the general Swedish population. The study protocol consisted of 1) cognitive testing
by a psychologist, 2) self-rating behaviour questionnaires and 3) MRI scanning. The control participants
also did a 24-h blood pressure measurement that started after the last part of the study had been completed
and left a fasting blood sample at a nearby healthcare centre at their convenience on another day. Most
participants completed all parts of the test in 1 day. About half of the participants started with parts 1 and
2, while the other half started with part 3. The order of testing and the time of day when scanned were

noted.

3.2 Participants

Figures 7A & 7B present flowcharts of participant inclusion and exclusion. Participants took part in the
PREDEX study, which investigates the effects of prenatal dexamethasone and postnatal GC treatment, as
well as the disease per se. The PREDEX cohort initially comprised 265 participants, for which data
collection was completed in 2016. In 2018, we started recruiting and testing individuals with AAD and
additional control subjects to match the sex and age of the AAD patient cohort. We updated the PREDEX
study protocol for this newer cohort to include self-reported fatigue, sleep and QoL measures. Hence, half
of the population controls in studies II, III and IV tested with the old protocol did not have values for these

estimates.

3.2.1 Participant recruitment, inclusion and exclusion criteria

All participants were between 16 and 43 years old. Individuals with CAH were enrolled in the long-term
PREDEX study and excluded if they had a history of drug use/abuse, current psychiatric problems, severe

depression and treatment with antipsychotic medication and MRI contraindications. Milder previous
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depression or mild depression with stable treatment and current ADHD with treatment were accepted only

in the CAH group. The positive response rate for CAH was 61.1%.

Individuals with AAD were diagnosed at least 2 y. before study inclusion and recruited through the
Swedish Addison Registry (116). The positive response rate for AAD was 71%. Exclusion criteria for the
patient group were the presence of autoimmune polyendocrine syndrome type-1, diabetes type 1, epilepsy
and a history of severe psychiatric problems (such as schizophrenia) and MRI contraindications. We
allowed mild depression, anxiety or ADHD and the use of anti-depressants, anxiolytics or
psychostimulants in the patient group because the presence of some of these symptoms was of interest to
investigate. Hypothyroidism was also allowed, given the high co-morbidity with AAD. All patients had
tested positive for autoantibodies against 21-hydroxylase and were well-characterised and monitored at

their clinics.

Control participants were recruited from Stockholm through a population registry and were selected based
on sex and approximate age (+- 3 y). The positive response rate for controls was about 20%. Controls
were excluded if they responded positively to any of the following criteria: prenatal or chronic postnatal
GC treatment, autoimmune disease, psychiatric problems and treatment in the past or present, alcohol or
drug abuse, MRI contraindications, abnormal fasting levels of cholesterol, triglycerides and insulin, or

abnormal blood pressure (24-h ambulatory blood pressure measurement).

3.2.2  Sub-samples

3.2.2.1 Study I: Brain structure in CAH
Study I included 37 patients with CAH-NODEX (21 females), eight patients with CAH-DEX (2 females),

and 43 controls (26 females). Three patients in the CAH-NODEX group had NC CAH, 16 had SV CAH
and 18 had SW CAH. From these, 19 patients were on hydrocortisone medication, 14 were on
prednisolone and 4 had both. The hydrocortisone equivalent replacement dose ranged from 2.74-25.5
mg/m2/day, with amean of 13.5. Twenty-three individuals with CAH were on MC medication. The CAH-
DEX group consisted of one patient with NC CAH, one with SV CAH and six with SW CAH. All

participants were >16 y) (range: 16-33 y; mean age = 21.7 y, standard deviation = 4.0 y).
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3.2.2.2  Study II: Cognition in AAD
The final cohort of Study II comprised 80 (43 females) controls and 67 (39 females) individuals with

AAD, of which 29 (19 females) had hypothyroidism. Fifty-two patients were treated with IR-HC (2 or 3
daily doses) and 15 had modified-release hydrocortisone medication (MR-HC) (Plenadren®) once daily.
The IR-HC equivalence dose of Plenadren® was calculated as Plenadren® dose in mg*0,806 (171). The
total GC replacement dose, as HC equivalence dose for all patients ranged from 7.48-21 mg/m2/day, with
a mean of 12.8. The range for IR-HC was 7.56-21 mg/m2/day, with a mean of 13.1. The range for those
on MR-HC was 7.48-17.2 mg/m2/day (mean 11.8). Eight females received DHEA treatment. All
individuals with AAD were on MC replacement. Eighteen patients had been diagnosed with AAD before

18 y of age.

3.2.2.3  Study Ill: Brain structure in AAD
Study III consisted of 52 (33 females) individuals with AAD and 70 (39 females) controls. Twenty-two

patients had co-morbid hypothyroidism. Forty-three patients were treated with IR-HC (two or three
daily doses) and nine patients with MR-HC (Plenadren®) once daily. The total GC replacement dose for
all patients ranged from 7.48-21 mg/m2/day, with a mean of 13.1. The range for those on IR-HC was
7.56-21 mg/m2/day, with a mean of 13.3. For those on MR-HC, the range was 7.48-17.2 mg/m2/day,
with a mean of 12.3. Seven females received DHEA treatment. All individuals with AAD were on MC

replacement. Fourteen patients had been diagnosed with AAD before 18 y of age.

3.2.2.4  Study IV: Resting-state functional connectivity in AAD
Study IV included 57 (33 females) individuals with AAD and 69 (39 females) controls. Twenty-two

patients had co-morbid hypothyroidism. Forty-five patients were treated with IR-HC (2 or 3 daily doses),
and 12 patients with MR-HC (Plenadren®) once daily. The total GC replacement dose for all patients
ranged between 7.48 and 21 mg/m2/day, with a mean of 13.2. The range for those on IR-HC was 7.56-21
mg/m2/day, with a mean of 13.3. The range for those on MR-HC was 7.48-17.2 mg/m2/day (mean 12.5).
Seven females received DHEA treatment. All individuals with AAD were on MC replacement. Fourteen

patients had been diagnosed with AAD before 18 y of age.
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Figure 7A. Participant flowchart for the PREDEX study, with the DEX-treated cohort (top) and the non-DEX-

treated cohorts (bottom). Red arrows = excluded or not part of this study, green arrows = included.
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Figure 7B. Participant flowchart of the Addison and additional control cohort (top), as well as the final samples

included in the four studies of this thesis (bottom). Red arrows = excluded or not part of this study, green arrows =

included. F= female, m=male.

3.3 Measures

3.3.1 Descriptives

Descriptive data included participants’ biological sex (male or female), age at testing, smoking, drinking

and drug habits, medication use (other than GC or MC replacement), employment status and education

level of the participant and their parents, measured as whether or not they had completed more than 3 y

of university education. Individuals with CAH reported the dose, type and frequency of medication intake.

Individuals with AAD reported on dose, type and frequency of medication intake, time of day of

medication intake, age at diagnosis and the number of adrenal crises since diagnosis (an episode of adrenal

insufficiency requiring immediate hospital treatment).
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3.3.2  Cognitive functions

A trained psychologist administered the neuropsychological tests. They included assessments of verbal
and non-verbal intellectual ability (Wechsler Adult Intelligence Scale (WAIS)-IV Vocabulary, WAIS-IV
Matrices (488)); EFs, including WM performance (WAIS-IV Digit Span (488) and Span Board test
(Wechsler Memory Scale (WMS)-II1 (489)); processing speed and interference control (WAIS-IV Coding
(488), and the ability to inhibit pre-potent responses (the Stroop Task (490)); learning and LTM (WMS-
I List Learning Test (489) retrieval of the list after 30 min). WAIS results were converted to scaled scores

(population norm M=10, SD=3) and Stroop results to T-scores (population norm M=50, SD=10).

3.3.3 Self-rated behaviour

Experienced executive functioning problems in the past 2 weeks were assessed with the Barkley Deficits
in Executive Functioning Scale-short form (BDEFS-SF) (491)). The BDEFS-SF consists of a 20-item
total score and five four-item subscale-scores assessing the “hot” executive functions motivation and
emotion regulation and the “cold” executive functions self-management, discipline and self-organization.
Age-adjusted cut-off values using American norms were used to determine clinically relevant subscale
scores (491). We assessed symptoms of depression and anxiety in the past week (the Hospital Anxiety
and Depression Scale (HADS, (492, 493)), with two seven-item subscales (Anxiety and Depression) and
symptoms of clinical depression in the past week on the Montgomery-Asberg Depression Rating Scale

(MADRS) (494).

The updated protocol for individuals with AAD and the matched controls additionally included
assessments of HRQoL on the Short-Form 36 (SF-36) (495). We also included the Addison disease-
specific questionnaire (AddiQoL) for QoL in patients with AAD (135), as well as ratings of sleep quality
in the past 6 months using the Karolinska Sleep Questionnaire (KSQ) (496) and fatigue in the past 2 days
before testing (the MFI) for all participants (243). The MFI provides five four-item subscales: general

fatigue, mental fatigue, physical fatigue, reduced activity and reduced motivation (243).

52



3.3.4 MRI scanning

MRI scans were acquired on a 3T MR scanner (Discovery MR750, General Electric, Milwaukee, WI,
USA) with an 8-channel head coil. During a 70-min session, we acquired anatomical T1-weighted images
(T1-weighted BRAVO sequence, TR=7.9 ms, TE=3.1 ms, 176 slices, voxel size: 1.0 x 1.0 x 1.0 mm3),
diffusion-weighted scans (TR=7.4 seconds [s], 62 slices, voxel size: 2.3 x 2.3 x 2.3 mm, 60 directions
diffusion-weighted images (b=1500 s/mm?), eight images with no diffusion sensitisation (b=0 s/mm?)),
two fMRI scans during the execution of a verbal and visuospatial WM task (480 volumes, 16 min each,
whole-brain T2*-weighted echo-planar images (TR=2 s, TE=30 ms, voxel-size=3 x 3 x 3 mm, gap-size:
0.5 mm, 41 slices, flip angle 70)), and one resting-state acquisition acquired with a planar echo imaging
sequence (TR 2000 ms; TA echo time 30 ms; voxel size 3.0 x 3.0 x 3.0 mm?; 41 slices; thickness; 3.0 mm;
flip angle; 70°). The acquisition time for the resting-state functional magnetic resonance images was 8
min. During this scan, participants were instructed to keep their eyes closed for the entire sequence but

not fall asleep.

3.4 Analyses

Statistical analyses were conducted in R version 3.6.1 (497).

3.4.1 Descriptives

For all studies, analyses were conducted to determine group differences between patients and controls in
the proportion of males and females, education level (higher education defined as having completed at
least 3 y of university studies) (Chi-square tests), illegal drug use (Fisher’s exact test) and age and alcohol
use (Wilcoxon test for non-parametric data). For AAD patients, sex differences regarding hypothyroidism
(Chi-square tests), total hydrocortisone replacement dose (either IR-HC or MR-HC), number of adrenal
crises, age of disease onset and disease duration (Wilcoxon test for non-parametric data) were

investigated.
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3.4.2 Methylation analyses

Methylation analyses were part of another paper from our group, in which methylation of CpG sites was
assessed using CD4+ T cells (458). Genome-wide locus-specific DNA methylation levels were measured
with the Infinium-HumanMethylation450 BeadChip array. Blood samples for the analyses were collected
when participants underwent cognitive testing. This study found two CpG sites (FAIM?2 and SFI1) with
higher methylation in the CAH group. Given the involvement of FAIM?2 in the brain, we assessed the
degree of methylation of the CpG site cgl18486102 with brain structure in study 1. This analysis was
performed on 29 participants (13 CAH without prenatal Dexamethasone treatment (NODEX), and 16

healthy controls).

3.4.3  Preprocessing of MRI data: T1, DTI and resting-state fMRI

3.4.3.1 TI preprocessing: Surface-based estimates (FreeSurfer)

We estimated cortical thickness, surface area, grey matter volume and volumes of subcortical structures.
We also estimated whole brain volume and ICV with a surface-based approach from T1-weighted images
using the FreeSurfer pipeline (v6) (http://surfer.nmr.mgh.harvard.edw/). Cortical reconstruction provided
estimates of pial surface (cerebral spinal fluid-grey matter boundary), white matter surface (grey-white
matter boundary) and segmentation for subcortical volumetric structures. The surfaced-based data were
smoothed using a 10-mm full-width at half-maximum smoothing kernel. Technical details of these
procedures have been described previously and are documented on the FreeSurfer website

(http://surfer.nmr.mgh.harvard.edu/) (Dale et al. 1999; Fischl et al. 1999).

All FreeSurfer surface estimations were visually inspected and manually edited. Because FreeSurfer
usually makes some mistakes even in images of participants that lie still, the images of each participant
have been edited. Imperfections in the grey-matter pial boundary were removed by editing the pial surface;
errors in the grey matter-white matter border were corrected by adding control points to estimate the grey

matter-white matter boundaries better.
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The surface-based analyses result in a mesh of vertices, triangular-shaped voxels, across the brain's
surface. These can be fed in whole brain vertex-wise analyses, or the data can be further analysed using a
parcellation approach to estimate average values across regions of an atlas. We used both techniques in
our studies for two reasons. First, a vertex-wise approach provides a more locally precise estimate when
assessing structural differences. In contrast, a parcellated approach is more amenable for testing
associations between brain and cognitive function/WM. Second, for robustness, we can test whether
findings are consistent across these two data analysis methods by including two differentially sensitive

approaches to noise.

For the parcellation approach, we used two atlases. We used the Destrieux atlas in study I, which segments
the cortical surface into 148 bilateral gyri and sulci and 20 subcortical regions (Destrieux et al. 2010). We
used the Desikan—Killiany atlas in study III, which segments the brain into 68 bilateral cortical ROIs and

14 subcortical ROIs (498).

3.4.3.2 TI pre-processing: Voxel-based morphometry (FSL)

Analysis of voxel-based morphology based on anatomical T1-weighted images was analysed with an
optimised VBM protocol (Good et al. 2001) implemented in FSL-VBM (Douaud et al. (2007),
http://fsl.fmrib.ox.ac. uk/fsl/fslwiki/FSLVBM, part of the FSL tools, Smith et al. (2004)). T1 images were
brain-extracted using the brain extraction tool in FSL (BET), visually inspected and then manually edited.
The brain-extracted images were segmented to obtain subject-specific GM maps. T1-weighted images
were registered into standard space (Montreal Neurological Institute, MNI 152) using nonlinear
registration in FNIRT (Andersson et al. 2007a, 2007b). The resulting images were averaged and flipped
along the x-axis to create a horizontally symmetric, study-specific GM template. To prevent biases
towards one group, an equal number of participants were assigned to each group only for the step of
template creation by randomly choosing participants from the larger control group to match the number
of the smaller group. The native GM images from all participants were registered to the study-specific
template using FNIRT and “modulated” to correct for local expansion or contraction due to the nonlinear

component of the spatial transformation. The modulated GM images were smoothed with an isotropic
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Gaussian kernel with a sigma of 3 mm. Values for total brain volume were obtained by summing total

GM and WM estimates from FSL FAST.

3.4.3.3  DTI pre-processing: TBSS

Voxel-wise whole-brain tract-based spatial statistics (TBSS) analysis was run to obtain estimates of FA,
mean diffusivity (MD), axial diffusivity (AD) and radial diffusivity (RD) (Smith et al. 2006). We used
FSL’s eddy correction method without top-up to correct for eddy currents and motion but included the
repol option to perform outlier replacement (Andersson et al. 2016). We used rotated bvecs for further
steps, brain-extracted Eddy-corrected data using BET (f 0.1 and created FA images by fitting a tensor
model to the raw diffusion data using the FMRIB diffusion toolbox (FDT) (Smith 2002). FA data were
aligned into a common space (FNIRT, a nonlinear registration tool) using a b-spline representation of the
registration warp field (Rueckert et al. 1999). Mean FA images were created and thinned to create a mean
FA skeleton representing the centres of all tracts common to the group. Each participant’s aligned FA data
were projected onto the skeleton and fed into voxel-wise cross-subject statistics. The nonlinear warps and
skeleton projection were also applied to the participants’ MD, AD and RD images using the tbss non FA

script.

3.4.3.4  Resting-state functional MRI pre-processing

Resting-state functional MRI data were pre-processed using FMRIB's Software Libraries version 5.0.11
(FMRIB Laboratory, University of Oxford, England, UK) (Smith et al. 2004). During pre-processing, we
applied head motion correction with MCFLIRT (Jenkinson et al. 2002), interleaved slice time correction,
brain extraction of the functional image with BET (Smith 2002), spatial smoothing with a Gaussian kernel
of 5 mm full width. No high pass filter was applied. The functional images were co-registered to the
participant’s structural images, which had been brain extracted with the FSL’s anat tool using the FMRIBs
Linear Image Registration Tool (FLIRT) (Jenkinson and Smith 2001; Jenkinson et al. 2002), and to
standard space (MNI152) using the FMRIBs Non-Linear Image Registration Tool (FNIRT) (Andersson
et al. 2007), with a 10 mm warp resolution. Next, we applied an independent component analysis (ICA)-

based automatic removal of motion artefacts (ICA-AROMA) with the aggressive option to remove motion
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artefacts from the data through an ordinary least-squares regression (Pruim, Mennes, Buitelaar, et al. 2015;
Pruim, Mennes, van Rooij, et al. 2015). In addition, we applied a custom-made script to remove white
matter and CSF from the signal and improve registration. This process resulted in cleaned images further

used in the ICA and dual regression analyses.

3.4.4  Statistical power

Statistical power is an issue in studies based on small samples as they concern rare diseases such as CAH
and AAD. Hence, these studies do not have the power to detect small effect sizes. As an example, for
Study III, brain structure in AAD, based on a linear regression model with three predictors (e.g., group,
sex, age) and 122 subjects at alpha 0.05, this study has a power of at least 80% to detect effect sizes of

0.31 (arelatively small effect size) or larger (calculated with R’s pwr function).

3.4.5 Co-variate selection and multiple comparison corrections

In all analyses, we included sex and age as covariates, except when assessing scales already adjusted for
these variables. We usually presented data with and without correcting for intracranial or total brain
volume for the MRI analyses. We opted for this approach because brain volume is the variable of interest.
We wanted to understand the relationship between regional differences in brain volume relative to total
brain volume and in absolute terms. Put differently, to better understand the relative contribution of brain
areas to changes in total brain volume. In addition, brain volume correlates with age at testing, and adding

both estimates as covariates may result in multicollinearity.

All studies were exploratory, and we therefore applied multiple comparison corrections in most cases.
However, as sub-threshold findings may point at vulnerabilities in the patient group that may be relevant
for follow-up studies, we often decided to display results with and without multiple comparison

corrections.
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3.4.6  Study-specific statistical analyses

3.4.6.1 Study I: Brain structure in CAH

We compared individuals with CAH to healthy controls for cortical thickness, surface area, volume and
white matter microstructure, and assessed the relationship between cognitive performance and brain

structure using linear models.

We ran a vertex-wise whole-brain analysis using FreeSurfer’s Qdec application. Qdec fits a general linear
model at each surface vertex to explain the data. Significant clusters were defined with Monte Carlo

simulation using pre-run data in Qdec with 10,000 permutations. Talairach coordinates are reported.

For the TBSS analyses, significant clusters were defined using threshold-free cluster enhancement (TFCE)
(Smith and Nichols 2009; Winkler et al. 2014) and permutation testing with 10,000 permutations using
FSL’s randomise tool. TFCE-corrected clusters were localised using the Johns Hopkins University White
Matter Tractography Atlas. It was assumed that reduced mean FA but increased mean MD, AD and RD

indicate impaired WM microstructure (Beaulieu 2002).

We tested the relationship between cognitive functioning and brain structure using an atlas-based
approach. Linear regression models were used to test the association between the degree of methylation

and vertex-wise analyses in FreeSurfer, as well as mean estimates of white matter microstructure.

3.4.6.2 Study II: Cognition in AAD

Linear regression models were used unless otherwise specified. We compared individuals with AAD to
controls on all neuropsychological tests and BDEFS-SF scales: 1) AAD versus controls, 2) the interaction
between diagnosis and sex and 3) post hoc tests divided by sex for tests where a significant interaction
effect was found. BDEFS-SF scales that differed significantly between groups were used for subsequent
analyses. First, chi-square was used to test group differences in the number of participants with clinically

relevant symptoms of EF (based on American cut-off values).

Within the patient group, we tested whether the following factors were associated with those BDEFS-SF

scales: 1) MFI mental tiredness and MFI general tiredness, 2) HADS depression and HADS anxiety and

58



3) disease-related factors: age at diagnosis, disease duration, medication dose, number of adrenal crises
and age at testing. We then combined the significantly associated factors in a new model to assess which
were most relevant for EF problems. We also tested the relationship between these BDEFS-SF scales and
performance on neuropsychological tests of EF (Digit Span and Span Board tests (forward and
backward)). Finally, we assessed group differences and interactions with sex for the HADS and MFI

scales.

Within the patient cohort, we evaluated the effect of time of testing, order of testing (neuropsychological
testing before MR scanning or vice versa) and time since last medication intake in min on
neuropsychological tests that differed between patients and controls. Next, we compared 1) patients with
(n=29) and without (n = 38) hypothyroidism, 2) patients on MR-HC medication (n = 15) and patients on
any dose of IR-HC replacement (n=52), 3) patients taking 1-2 (n = 24) doses IR-HC and patients taking
3—4 (n = 28) doses of IR-HC per day, and 4) female patients with (n = 8) and without (n = 31)

supplementary DHEA treatment on any test that differed between patients and controls.

3.4.6.3  Study IlI: Brain structure in AAD

Linear regression models were used with sex and age as covariates, unless otherwise specified. Results
are reported with and without ICV as a covariate in the FreeSurfer analyses. We compared individuals
with AAD to controls on (i) total brain volume (without ventricles) and ICV, (ii) vertex-wise (FreeSurfer
QDEC) and ROI (FreeSurfer Desikan—Killiany)-derived cortical thickness, surface area and volume and
subcortical volumes (FreeSurfer Desikan—Killiany) and (3) white matter microstructure: FA, MD, AD
and RD (FSL-TBSS). Comparisons on these measures were made in 3 steps: (i) whole group comparison,
(i1) interaction between AAD and sex and (iii) post hoc analyses dividing by sex for tests where a
significant interaction term was found. Results were considered significant with a P- or g-value of <0.05

after correction for multiple comparisons.

To assess whether the relationship between brain structure and cognitive estimates (WM and EF) differs
between individuals with AAD and controls, we tested the interaction between groups and brain structure

estimates (all Desikan-Killiany atlas ROIs, and whole-brain white matter microstructure FA, MD, AD,
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and RD), with tests of WM (WMS Span Board tests forward and backward, WAIS digit span), and self-
reported problems with EF (BDEFS-SF total score). For those structural estimates where a significant
interaction with group was found, we performed post hoc tests divided by diagnostic group. Linear
regression models were used with cognitive estimates as outcome variables and sex and age as covariates.

The analyses were repeated with and without correcting for ICV.

Within the patient group, we tested whether GC replacement dose (HC equivalents, mg/m?2/day), age at
diagnosis, disease duration and the number of adrenal crises (all predictor variables in one model) were
associated with brain structure (outcome variables) using linear regression models. Finally, as
autoimmune hypothyroidism was common in the AAD cohort (n = 22), we compared individuals with

thyroid co-morbidity to 22 healthy controls, matched for age and sex, for all brain structure estimates.

3.4.6.4 Study IV: Resting-state functional connectivity in AAD

Resting-state networks were extracted with spatial ICA on the cleaned data of each subject using
MELODIC v 3.15 software (FSL, Oxford, UK) (Beckmann CF 2009). First, ICA was applied for the two
groups separately. This analysis aims to visualise/map the average resting-state networks for patients and
controls (figure 8). Next, we concatenated the data of all participants and ran the MELODIC ICA on all
individuals in our cohort to identify and visualise the networks common to the whole cohort. These
networks were fed into the dual regression analyses. The number of components was set to 60 networks.
All networks’ spatial maps, time courses and power spectra were visually inspected to classify them based

on spatial similarity to the functional networks described in healthy people (Smith et al. 2009).

The obtained ICA components were regressed back into individual time series data/space using dual
regression (Beckmann CF 2009). Group comparisons were then performed using FSL’s randomise tool
(Winkler et al. 2014) with 10000 permutations to identify differences in resting-state connectivity between
patients with AAD and controls. Sex, age and mean frame-wise displacement were used as covariates.
Significant clusters were identified with TFCE with a significance threshold of P <0.05 and a minimum

cluster size of 40 voxels (Winkler et al. 2014).
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Finally, we tested the association between rs networks and mental fatigue, self-reported EF problems,
performance on WM tasks and disease-related factors (i.e., GC replacement dose in mg/m2/day), number
of experiences of adrenal crises, age at diagnosis and disease duration in years. We first performed
interactions between the diagnostic group and mental fatigue and EF, with rs-fc of all networks as an
outcome variable, while correcting for sex, age and mean frame-wise displacement. We performed post
hoc tests in the patient and control group separately for the networks where a significant interaction was
found. In addition, we assessed the relationship between disease-related factors and rs-fc of the networks

where a significant group difference was found in the main analyses within the patient group separately.
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Figure 8. Resting-state functional connectivity networks in individuals with AAD (left) and healthy controls (right).
A: Visual Pole, B: Visual Medial, C: Sensorimotor (motor leg-hand), D: Motor face regions, E: Cerebellum, F:
auditory/language, G: Dorsal attention, H: Salience, I: Default Mode Network (anterior), J: Default Mode Network

(posterior), K: frontoparietal (CEN), L: basal ganglia (subcortical), M: OFC.
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3.5 [Ethical considerations

Ethical considerations in the project encompass several topics. First, participants undergo the procedure
voluntarily and can quit at any time without specifying a reason. They give informed consent before the
start of the study, in which they agree that they have been informed about the procedure and agree to

participate. In addition, all sensitive personal data are stored in a secure environment according to GDPR.

In addition, it is important to keep in mind that we might ask a good deal from the participants. For patients,
the whole procedure may be particularly strenuous. The study's outcome should not be at the cost of the
physical or mental wellbeing of the participants. Thus, it is crucial to inform the participants how long the
tests will take and what will be done so that they precisely know the aim of the study. In particular, MRI
scanning might be experienced as challenging. Accordingly, we have been most considerate towards the
participants who were concerned by reminding them that they could discontinue participating in the study
at any time and are not obligated to participate in both parts of the study (i.e., the cognitive testing and the

MRI part). The participants were also given a break and lunch in-between the two test halves.

The project is part of the PREDEX study, which has been approved by the Regional Ethical Committee
of Karolinska Institutet and by the Swedish Ethical Review Authority DNR 99-153 (990517); 030619;
2011/1764-32 (111201); 140912; 2017/1658-32 (170831); 2018/1037- 32 (180518); 2020-00564

(200414).
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4 Results

4.1 Study I: Brain structure in CAH

Compared to healthy controls, individuals with CAH had widespread alterations in white matter
microstructure (figure 9). These alterations were reduced FA, increased MD and increased RD of the
major tracts, indicating reduced integrity of the white matter fibers in the patient group. Males with
CAH, but not females, also had increased AD in the left forceps minor and left inferior fronto-occipital
fasciculus. Within the patient group, a higher GC replacement dose in mg/m2/day correlated with
increased mean FA (B=0.0016, P=0.002 and reduced mean RD (B =—1.46xe-6, P = 0.037), indicating,

on average, less impaired white matter microstructure of those on a higher replacement dose.

B) CAH > Control RD

A) CAH < Control FA

C) CAH > Control MD

TBSS Results for CAH-NODEX vs
Controls
Uncorrected for TBV

Figure 9. Alterations in white matter microstructure in individuals with CAH compared to healthy controls, with
reduced FA (blue colours in A), increased RD (B) and MD (C), as well as an interaction with sex for AD (D), with

males with CAH having increased AD compared to control males (E).

Individuals with CAH also had 4.23% smaller total brain volume than controls, reduced thickness of
the bilateral rostral middle frontal gyrus, left superior parietal cortex and right inferior parietal cortex,
increased surface area of the left cuneus and right pericalcarine cortex, and reduced volume of the left

precuneus (FSL-VBM) (see figure 10).
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Patients with CAH performed worse than controls on visuospatial WM tasks (WMS forward P = 0.016,
WMS backward P =0.007) and displayed more autistic traits on the AQ10 (P =0.018) (Table 2). Within
the patient group, those who performed worse on the backward visuospatial WM task had reduced
thickness of the left middle frontal gyrus (B = 7.06, P = 0.046), and those who performed worse on the
forward WM task had reduced surface area of the right parietal-occipital gyrus (B = 0.0046, P = 0.029).
In controls, no relationship between WM and the middle frontal gyrus was found; however, controls,
who performed better on both WM tasks, had greater volume of the left praccuneus (forward: B =
0.0015, P = 0.013; backward: B =0.0012, P <0.001), and those who did better on the backward WM

task had greater thickness of the left superior parietal cortex (B = 0.032, P = 0.029).

We also assessed the effect of prenatal DEX treatment by comparing DEX-treated to untreated patients.
Those who had received DEX had reduced surface area of the bilateral pericalcarine cortex and reduced

volume in the left pericalcarine and right superior parietal cortex.

A: FreeSurfer QDEC

1: L. rostral middle frontal & superior parietal
gyrus

-500 -250 000 250 5.00

4: L. cun i i
L. cuneus 5: R. pericalcarine cortex

B: VBM — grey matter density

CAH < Control

p=0.05
TFCE corrected

Figure 10. Alterations in cortical thickness, surface area and volume in individuals with CAH compared to healthy
controls. Blue shades indicate reduced cortical thickness (A1-3), red-orange shades indicate increased surface
area (A4&5) in individuals with CAH compared to controls. Yellow (B) indicates reduced grey matter volume in

individuals with CAH compared to controls.
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4.2 Study II: Cognition in AAD

In general, we found only a few differences between patients with AAD and controls in cognitive
functioning. Patients scored somewhat lower on verbal intellectual ability (B=—0.75, p=0042, Cohen’s
d=—0.34) and visuospatial WM (Span Board forward) (B=—1.09, p = 0.020, Cohen’s d=— 0.41) and
reported more problems with EFs on the total BDEFS-SF scale (B=2.84, p = 0.030, Cohen’s d= 0.25)
and on the subscales self-organisation (B= 1.05, p = 0.005, Cohen’s d= 0.45) and emotion regulation
(B=1.09, p=0.017, Cohen’s d= 0.28). The self-reported EF problems were specific to female patients
for the full scale (B=5.53, p=0.001, Cohen’s d= 0.49) and the self-organisation subscale (B=1.97, p
< 0.001, Cohen’s d= 0.74)) (figure 11). Thirteen patients (11 females) had clinically significant
symptoms of emotion regulation according to the BDEFS-SF (American norms) as opposed to only two

controls (p = 0.002).
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Figure 11. Individuals with AAD scored somewhat lower on verbal intellectual ability (A) and visuospatial WM
(B). They also self-reported more problems with executive functions (C), especially self-organisation (D) and

emotion regulation (E).
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Several factors predicted self-reported EF problems within the patient group (figure 12). Symptoms of
anxiety (B=0.59, p = 0.019) and depression (B=0.86, p = 0.012) were associated with a higher total
BDEFS-SF score. Self-organisation problems were explicitly associated with symptoms of depression
(B=0.24, p = 0.032), whereas emotion regulation problems were associated expressly with anxiety
symptoms (B=0.24, p = 0.025). Furthermore, mental tiredness, but not general tiredness, was associated
with higher scores on all three EF scales: total scores (B=1.21, p <0.001), self-organisation (B=0.34, p
< 0.001) and emotion regulation (B=0.30, p = 0.020). Only female patients reported more mental
tiredness compared to controls (B=2.65, p = 0.002). Regarding disease-related factors, there was only a
significant association for GC replacement dose in mg/m2/day, with patients on a lower dose

experiencing more subjective problems with emotion regulation (B=—0.30, p = 0.013).
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Figure 12. In individuals with AAD, self-reported problems with executive functions on the BDEFS total (4) and
self-organisation (B) scales were associated with mental tiredness. Self-reported difficulties with emotion

regulation were associated with a lower GC replacement dose (C) and mental tiredness (D).
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We then determined the unique contribution of these factors to the three subscales by combining them
in one model per outcome scale. Mental tiredness remained the only significant predictive factor for
BDEFS total (B=1.19, p < 0.001) and self-organisation scores (B=0.36, p < 0.001). For emotion-
regulation, both total GC replacement dose (B=— 0.28, p = 0.010) (Fig. 2C) and MFI mental tiredness

(B=0.24, p = 0.040) (Fig. 2D) remained as significant predictors.

Patients who performed worse on the verbal and visuospatial WM tasks reported more problems on the
BDEFS-SF total scale. Worse performance on the verbal WM task was related explicitly to more

problems with self-organisation.

4.3 Study III: Brain structure in AAD

No group differences were found in white matter microstructure between individuals with AAD and
controls. AAD Patients did have 4.3% smaller total brain volumes (B= —35,772, P = 0.026), 4.1%
smaller ICVs (B=-46134.6, P = 0.042), a smaller surface area of the left supramarginal gyrus and right
inferior parietal cortex and smaller volume of the right lateral OFC, but not when including ICV as a
covariate. Only male patients with AAD had smaller volume and surface area of the right superior

parietal cortex than male controls, even when correcting for ICV.

AAD patients on a higher GC replacement dose in mg/m2/day had a smaller volume of the left lingual
(B=-106.28, q=0.045), rostral anterior cingulate (B=—59.45, q=0.033) and right supramarginal gyrus
(B=-177.30, q = 0.045), as well as smaller total brain volume (B=—8383, P = 0.027) (see figure 13).
The latter entails a reduction of 0.73% TBV (8,383/1,144,326 * 100) for every mg/m2/day increase in
GC dose. Given that medication doses in our patient group ranged between 7.5 and 21 mg/m?2/day, we
may expect an approximate difference of 9.9% (13.5 * 0.73) in total brain volume related to GC
medication dosing. GC replacement dose was not associated with the number of experienced adrenal
crises in the total patient group (B=—0.07, P = 0.450), but individuals with AAD who had experienced

more adrenal crises were more likely to be on MR-HC (B=0.13, P = 0.040).

Because the medication dose is estimated in mg/m2/day, the person's size may confound the relationship
between GC dose and brain volume because shorter individuals could have a relatively higher

medication dose and relatively smaller brains. Height in cm was significantly associated with total brain
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volume (B= —7124, P = 0.045) but not with GC dose (mg/m2/day) (B= —0.08, P = 0.382). Moreover,
BMI did not correlate with brain volume or GC dose (mg/m2/day). Including height as a covariate, the
relationship between total brain volume and medication dose remained significant (B= —7124, P =
0.045), entailing a 0.62% brain volume reduction with every increase in mg/m2/day and a maximum

expected difference in TBV related to medication use of 8.4% (13.5 * 0.62).

>
)

8000 oo

g
[ .
€ =2 3000
3 S
(<]
(6]
2& 7000 o
3 =
.g’ 8 2500
=l 73
% g
3 6000 =
3
2000 < * .
.
. .
. .
5000 .
. .
1500
10 14 18 10 14 18
Total GC replacement dose in mg/m2 Total GC replacement dose in mg/m2
1400000
2 13000
E
2
S . . 1300000
) @ °
£ £ @ .
o 3 40 N
© 11000 3 1200000 = Sex
£ = : -4 * Female
I £ - Male
S [ . iy i
S @ 1100000 . .
%) L % . .
-— . .
.g_) . . .
x 9000 1000000 Y .
.
.
. ® . .
. 900000 ;
10 14 18 10 14 18
Total GC replacement dose in mg/m2 Total GC replacement dose in mg/m2

Figure 13. The relationship between GC replacement dose (mg/m2/day) and volume of the lefi lingual gyrus, left

rostral anterior cingulate cortex, right supramarginal gyrus and total brain volume.
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4.4 Study IV: Resting-state functional connectivity in AAD

Patients with AAD had increased rs-fc compared to healthy controls in three main clusters, belonging
to three networks: the bilateral medial OFC (Orbitofrontal Network), the left precuneus and lingual
gyrus (Posterior DMN) and left intracalcarine cortex/part of the lingual cortex (Medial Visual Network)
(figure 14). These findings did not change by excluding patients on SSRI treatment (n=7), correcting

for 1Q or correcting for the time of the day when scanned.

P<0.001

Figure 14. Individuals with AAD had increased rs-fc in three networks: A) the orbitofrontal cortex (OFC), B) the

posterior DMN and C) the medial visual network.

GC replacement dose (mg/m2/day) was associated with stronger rs-fc in a small part of the left OFC
(figure 15). An interaction was revealed between the diagnostic group and mental fatigue for rs-fc within
the left inferior lateral OFC (Lateral Visual Network), right lingual gyrus (Lateral Visual Network) and
left intracalcarine cortex (Medial Visual Network). General fatigue was also differentially associated
with rs-fc within the left lateral inferior OCC (Lateral Visual Network) and the left intracalcarine cortex

(Medial Visual Network) between patients and controls. However, post hoc analyses did not reveal
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significant associations between mental or general fatigue and rs-fc in these regions in patients or

controls separately.

P<0.001

Figure 15. A higher GC replacement dose in mg/m2/day was associated with stronger rs-fc in a small part of the

left OFC.
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5 Discussion

5.1 Brain structure and function in CAH

These studies show that PAI affects cognitive functioning, brain structure and brain function in young
adults (16-43y). In study I, we have shown that young adults with CAH have impaired white matter
microstructure in the major fiber tracts and alterations in grey matter structure, particularly in the
frontoparietal network. White matter microstructure impairments align with most other brain imaging
studies in CAH and point to the vulnerability of oligodendrocytes to cortisol disturbances (454, 455).
White matter changes were widely distributed and not limited to any specific region or tract, both in our
study and in the only other quantitative study that took a whole-brain approach to white matter
assessment in adult women with CAH (454). In a younger cohort aged 8-18 y, focusing on the fornix
and stria terminalis, the authors also found uniform impairments of white matter across the whole tract
(455). The outcome of white matter changes may result from many factors, including prenatal
programming effects, as individuals with CAH lack cortisol and have increased androgen levels
prenatally. Oligodendrocytes also need cortisol to develop (268, 269) and are sensitive to DHEA (499).
Hence, sub-optimal cortisol levels, a sub-optimal DHEA/cortisol ratio or epigenetic changes in the
expression of GR on oligodendrocytes could all affect their development (500). Inflammatory processes
are another possible explanation for white matter impairments in CAH, as cortisol affects the immune
system and increased microglia activity was found in mice with impairments in neurite dispersion (a

white matter integrity estimate) (456).

How to improve white matter integrity in CAH is a challenge. In our cohort, a relatively higher GC
replacement dose, though within therapeutic ranges, was, on average, associated with /ess impaired
white matter microstructure. This finding contrasts with other studies, that show more white matter
impairments on higher replacement doses in CAH (454), but also concerning hypercortisolism in such
diseases as Cushing’s (276, 408, 501). Based on these observations, our finding warrants replication

and more detailed analyses.
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In healthy people, estimates of white matter microstructure (e.g., FA) correlate with the cortical
thickness of their connecting regions (502). In the child and adolescent cohort from the US, the impaired
white matter of the fornix and stria terminalis was seen to correlate with reduced volume of the
hippocampus and amygdala, respectively (455). We did not test the association between grey and white
matter, but multimodal imaging analyses may be conducted in the future. The white matter change in
the fronto-occipital and superior and inferior longitudinal fasciculi, which connect the frontal with the
occipital and parietal cortexes, correspond to changes in grey matter that we also found predominantly
in the fronto-parietal and occipital cortexes, and not in subcortical or more limbic frontal regions.
Potentially, the white matter impairments affect grey matter activity in the connecting regions, which
could contribute to the problems with WM that the patients displayed. However, white matter estimates
did not correlate with cognitive functioning in our cohort. At the same time, reduced cortical thickness
of the middle frontal gyrus was associated with worse performance on WM in the CAH group, which

partly supports this hypothesis.

Individuals with CAH performed worse on WM tasks compared to healthy controls, which we
previously also reported in a slightly larger cohort (443). In that group, we also found that individuals
with CAH had reduced performance on cognitive inhibition and a male-specific reduction in non-verbal
1Q (443). The present results suggest that these problems with EFs may be partly related to cortical
thinning of the frontoparietal network. Interestingly, at a younger age, during childhood and
adolescence, our CAH cohort did not show the same problems with EFs (442), suggesting that the
patient's cognitive functioning declines with time. Other studies did find problems with cognitive
functioning in children with CAH. Thus, the findings may be specific to our cohort or indicate that
children in Sweden with CAH are well-managed as they are all diagnosed through the neonatal
screening programme (432, 433). Unfortunately, we did not scan participants at a younger age, so we

have no information about longitudinal brain changes that may have taken place.

Other studies on individuals with CAH have found reductions in grey matter volume in areas of the
limbic system (457). Because of the known vulnerability of fronto-limbic regions to cortisol,
particularly the hippocampus, many studies have limited their research to these regions. They might

thereby miss other vulnerabilities in the brain. Our whole-brain exploratory approach confirmed
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vulnerability of the prefrontal cortex, particularly the middle frontal gyrus in the CAH group, but also
found differences in grey matter structure in the parietal and occipital cortex. Surprisingly, neither CAH
nor AAD patients in our studies had changes in hippocampal or subcortical volumes. The studies that
did find subcortical and hippocampal volume reductions were from cohorts containing patients that had
not been screened in the neonatal screening programme (454, 457) and some patients that were on
Dexamethasone treatment, which is a very potent synthetic GC agonist (454). Early-life salt-wasting
crises and remarkably high GC doses may have negatively impacted the subcortical regions of their
brains. Therefore, our results suggest that early detection and careful management may spare the brain
to some extent. GC replacement dose was not associated with grey matter structure in our sample, which

confirms this hypothesis.

We found an association between hypermethylation of the FAIM?2 gene and the surface area of the
medial occipitotemporal and lingual sulcus. FAIM?2 is a neuroprotective membrane-bound protein (459,
460). A higher GC dose was associated with hypermethylation of this site (458). However, as we do not
know whether this results in more or less protein products, we cannot determine whether this genetic
alteration is maladaptive. CAH patients had increased surface area of the left cuneus and right
pericalcarine cortex but not in the areas where an association with FAIM2 methylation was found.

Further research is needed to understand this relationship.

5.2 Brain structure and function in AAD

A different pattern of brain structure and function alterations was observed in the AAD group as opposed
to what we found in CAH. Overall, individuals with AAD did quite well on the cognitive tests assessed
during the lab visit. Accordingly, we found few differences in the grey matter structure of the brain,
apart from reduced total brain volume along the same 4% as found in the CAH group. However,
individuals with AAD had stronger resting-state functional connectivity, especially in networks of the
DMN and primary visual areas. Both reduced brain volume and stronger rs-fc in part of the OFC were
associated with a higher GC replacement dose. This finding suggests that excess GC may be related to

mild brain atrophy and reorganisation of network connectivity. However, due to the cross-sectional

75



nature of our study, we cannot determine causality. Those on a higher dose may have been more ill in

the past.

Individuals with AAD reported problems with hot and cold EF, and altered rs-fc and reduced cortical
volume were found in the OFC, a region mostly related to hot EF (222, 229). Although EF networks
strongly overlap, this alteration may suggest that patients are vulnerable to problems with emotion
regulation or other even hotter functions, such as motivation and reward processing. If patients are more
susceptible to hot EF problems, this could explain why we did not find many differences in the tasks
that were assessing only cold EFs. Meanwhile, there was no correlation between rs-fc of the OFC and
self-reported hot or cold EF, and patients also reported experiencing cold EF problems related to self-

organization. It seems therefore that EFs in general may be affected in AAD.

Patients had somewhat lower verbal 1Q and reduced visuospatial WM, which might indicate a specific
vulnerability for these functions in AAD, while LTM was not affected. There was a correlation between
worse performance on WM and self-reported EFs. The slight reduction in performance on the cognitive
tests potentially contributes to real-life problems for these patients. This discrepancy between
experimental testing and real-life patient experience has also been observed in Cushing’s disease, with
many patients experiencing problems with cognitive functioning while cognitive tests in the lab

reproduce only a part of that. This discrepancy was even 80% vs 30% for memory problems (397, 400).

Regrettably, we did not precisely match our participants' education level and may have underestimated
their problems. Another confounding factor is that patients may be more motivated to participate, as
indicated by the much higher positive response rate. In one study, individuals with PAI were even found
to perform better on a concentration task, which the authors attributed to increased motivation (474).
Compared to previous studies on AAD, we have a unique cohort of young individuals with isolated
AAD, apart from co-morbid hypothyroidism. This may also explain why they are performing relatively
well, as cumulative disease burden may increase problems for other patient groups. Although one group
also reported few differences in cognition in AAD, except verbal learning problems, these authors
included BMI and depressive symptoms as covariates (477). In our view, this may mask the effects of

the disease, as these symptoms are correlated with each other.
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Previous research has shown that sleep might be an important mediator of cognitive problems in AAD
(475), which is in line with the findings from Study II where we found mental fatigue to be the strongest
predictor of experience EF problems. Reducing fatigue and improving sleep quality should therefore be
a major focus of developing future medication for these patients (e.g., with treatments such as
Chronocort® that aim at replicating the natural cortisol awakening response). Mental fatigue was only
significantly different from controls in women with AAD, and most patients with clinically significant
emotion regulation problems were also females. Because the main sex-difference in AAD is related to
the lack of testosterone in females, this finding raises the question whether DHEA replacement could
improve fatigue in women. DHEA supplementation was found to improve both mood (503) and fatigue
(504) in some studies, while others did not replicate the improvement of fatigue (158). Other patient
groups did not benefit from DHEA as to fatigue either (505) and further research is therefore needed to
understand the relationship between androgens, fatigue and brain function. Of note, brain-derived
DHEA may be intact in AAD, which could explain the lack of DHEA supplementation effects on
cognitive functioning (294). Patients may further be fatigued without being sleepy, and daytime fatigue
may be independent of sleep problems (468). Previous studies found that fatigue was more often
reported on higher GC replacement doses (468), whereas a study on SAI found the exact opposite; those
on a higher dose were less fatigued (487). Additional analyses of our data showed that within the female
group, those on a higher GC dose were less fatigued (data not shown). We also found a small correlation
between a higher GC dose and fewer reported EF problems (Study II). However, a few women in our
cohort had unusually low GC replacement doses. This observation may explain these results because
we performed a within-group linear regression, where “higher” does not necessarily mean higher than
any specific cut-off value. In other words, too low GC doses may also lead to fatigue and cognitive
problems and the relationship between these variables, particularly in females, needs further

investigation.

5.3 Sex differences

In contrast to our hypothesis, we found few sex differences in CAH and AAD. Although this lack of
differences could potentially be related to the innate ability of the brain to produce DHEA (294), it may

be more likely that the cortisol dysregulation, which is similar between sexes, had a more significant
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impact on cognitive functioning and the brain in individuals with PAI Our findings suggest that DHEA
loss in women with AAD is not detrimental to the brain at this age. While the mental fatigue was specific
to women with AAD, some brain structure alterations in the parietal lobe were found only in men with
AAD and CAH (Study III and I). Moreover, men with CAH performed worse than male controls on
non-verbal 1Q (443). The brain may require an optimum ratio between DHEA and cortisol during
development (330), complicating the effects of hormonal disturbances in men and women with CAH
and AAD. Our findings need replication in other, larger cohorts. One factor to consider when assessing
self-report measures is that there might be sex differences in self-perception and reporting that may
exaggerate observed sex differences. In sum, we find no evidence of sex-specificity of outcomes on
cognition, brain structure, and function in patients with PAIL or androgenising effects, other than mental

fatigue in women with AAD.
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6 Conclusions

Our findings suggest that brain structure and function are altered in individuals with CAH and AAD.
Problems with cognitive functioning were found to some extent in both groups, with fatigue being an
important predictive factor for experienced EF problems in individuals with AAD. Changes in the brain
were also noted in both cohorts, although in different modalities: mostly grey and white matter in CAH,
and mostly rs-fc in AAD. The relationship with cognitive functioning is not straightforward. Cortical
thinning seems to be associated with cognitive problems in CAH, but we found no clear relationship
between the structure or rs-fc of the brain with cognition and fatigue in individuals with AAD. Although
we did not directly compare the two groups, patients with CAH seem to have more cognitive problems
and brain structure alterations. Those with AAD appear at first sight to do relatively well but show
reorganisation of functional brain networks. The reasons for these differences may be manifold but
could be related to the different developmental time windows of the disease onset, the difference in
disease duration, which was on average two decades for CAH, and one decade for AAD, the differences
in DHEA levels and GC replacement doses, or the timing when the doses are taken. We can speculate
that because structural networks develop before functional ones, structure may be altered more in CAH.
On the contrary, individuals with AAD had normal brain development until disease onset, which may
have led to a change in functional organisation in response to that impact. Cognitive reserve could also
be greater in those with AAD. Direct comparisons between the two groups is of interest here, especially

in longitudinal follow-up studies and studies including older and younger cohorts.

In conclusion, cognition and the brain are affected in PAIL but the extent and nature of the changes seem
to differ between CAH and AAD. Although our study is not designed to make recommendations about
treatment improvement, it does suggest that treatment optimisation may be needed to sustain brain

health in PAI

79






7 Points of perspective

Our ultimate goal is to improve patient wellbeing and QoL by considering brain health throughout their
lifespan. Future studies should incorporate longitudinal designs where patients are followed and tested
at numerous time points. It will also be worthwhile to test a wider age span on a much larger sample so
that the groups can be split into age bins. Age of onset (in AAD) and disease duration likely interact to
impact brain structure and function. However, because people were of different ages in this cross-
sectional study, these effects could not be disentangled. Even healthy people display a characteristic
age-related cognitive decline (506), and those with PAI might be expected to have a steeper age-related
cognitive decline. This phenomenon is worth investigating, particularly in improving medication that

might normalise this process.

When developing new medication, brain health should be considered. For instance, even though slow-
release medication may better replicate some aspects of circadian secretion, it abolishes ultradian
rhythmicity, which may not necessarily be better for the brain. More extensive studies are needed to
replicate our findings, with a special focus on sex differences and the effects of GC dosing, as there was
little variation in medication doses for AAD cases. For this, international collaboration is recommended

due to the relatively low prevalence of AAD.

Defining brain health is a challenge, given the compensatory capacity of the brain. Therefore,
interpreting structural and functional changes in relation to cognitive functioning and wellbeing needs
to be investigated using a longitudinal multimodal design. Some patients may also be more vulnerable
to cognitive problems, which is a question that was not addressed in the present study, but could be
looked at in the future. It will further be relevant to investigate whether the observed changes, such as

mild atrophy in AAD and white matter changes in CAH, can be reversed with improved treatment.

We further propose conducting qualitative research to study which executive functioning problems
individuals are experiencing daily and to what extent fatigue is mediating these issues. Such an approach
will give insight into areas where individuals with PAI may require more support. The present thesis
indicates that the most critical area would be to improve fatigue in women with AAD. This suggestion

is consistent with patients' self-reports, who experience physical and mental fatigue daily (507). In
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addition, individuals with PAI must deal with a potentially life-threatening disease. These individuals
may also have many co-morbid diseases that could cause anxiety and stress. Such disorders, as well as
the induced anxiety and stress itself could contribute to problems with executive functioning in everyday
life that are not caused by some biological mechanism directly related to PAI. Considering the patient’s
unmet needs and their perspectives (e.g., in the case of an adrenal crisis) are essential to address in future
studies (508, 509). Living with a chronic illness requires a great deal of patient responsibility to seek
timely care, which may be modulated by educational and socio-economic background and sex.
Individuals with AAD need to learn how to deal with their disease and manage medication, which may
cause uncertainty (507). They experience a lack of health care providers' awareness about their
condition. They also need to learn when to increase their medication doses. This understanding of own
disease-management is complicated because individual differences in stress sensitivity exist, and stress
dosing may be required more frequently and in different situations than prescribed by health care
providers (507). These factors also need to be considered when investigating these illnesses' effects on

brain health, mainly if the aim is to improve medication schemes to preserve the brain.
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