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Chapter 1

General introduction



Chapter 1

“The greatest glory in living lies not in never falling, but in rising every time we fall”
- Nelson Mandela - Long Walk to Freedom (1994)

Although often used to refer to a negative state in day-to-day life, responding to
stress is an adaptive phenomenon that is essential for the wellbeing of an individual.
During our lives we are exposed to a series of challenges that we attempt to
overcome. These challenges or stressors may vary from everyday hassles to severe
traumatic events. The human organism always strives to reach and maintain a point
of equilibrium that enables maximum functionality of the individual, and these
balancing scales are a constant interplay between an individual’s resources and
the situation the individual finds itself in (Selye, 1979). Reaching and maintaining
this balance (homeostasis) through biological and behavioral adaptation has been
defined by the term allostasis (McEwen, 1998). Under influence of challenges or
stressors the body activates various mechanisms, a process that is called the stress
response. During a stress response (described in more detail in Box 1) energy is
produced and redirected in order to provide resources to deal with the stressor as
quickly and efficiently as possible, thus attempting to restore balance. However,
there is a high degree of intra-individual variation in how individuals respond to
stressors, and in some instances specific types of stressors or frequently repeated
stressors can result in maladaptive psychological and neurobiological processes.
Furthermore, when these reactions persist they can result in the development
of various psychiatric disorders. There is a long history of research into the
psychological mechanisms that provide protection (resilience) or confer risk factors
(vulnerability) with regard to developing psychiatric symptoms after experiencing
chronic or traumatic stress.

So far, research into the biology of vulnerability and resilience to severe stress has
largely been driven by animal studies. More recently, the advent of neuroimaging
techniques like positron emission tomography (PET), single-photon emission
computed tomography (SPECT), and magnetic resonance imaging (MRI) has enabled
us to start to investigate human brain structure and function in vivo. As this is a
relatively recent development, information on brain mechanisms that are related
to vulnerability to traumatic stress is less extensive compared to the knowledge on
psychological mechanisms. This is even more the case for the neural mechanisms
involved in resilience, as traditionally the focus in behavioral neuroscience has
always been on vulnerability and psychopathology.

This thesis aims to elucidate on brain mechanisms involved in vulnerability and

resilience, and therefore consists of two sections. In the first section (Chapters 2
-5) the neural characteristics associated with a history of stress-related adverse
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General introduction

events of both exogenous nature (childhood maltreatment) and endogenous
nature (Cushing’s disease) will be addressed. In the second section (Chapters 6 - 8)
the neural structural and functional characteristics that are related to resilience to
severe stress are investigated using both structural and functional MRI techniques.

Traumatic stress

There is great variety in the types of stressors that elicit a stress response in humans.
Situations like losing, winning, physical exercise, social rejection or life threatening
situations, all activate the stress system. The most severe acute stressors are called
traumatic stressors. In the diagnostic and statistical manual of mental disorders 4th
edition (DSM-IV; (American Psychiatric Association, 2000) (exposure to) a traumatic
experience is defined as follows:

(A.1.) The person experienced, witnessed, or was confronted with an event or
events that involved actual or threatened death or serious injury, or a threat to the
physical integrity of self or others. (A.2.) The person’s response involved intense
fear, helplessness, or horror. Note: In children, this may be expressed instead by
disorganized or agitated behavior.

Criterion A.2. has been omitted from the newest version (DSM-V; (American
Psychiatric Association, 2013) in order to improve diagnostic accuracy and in order
to further objectify the definition (Friedman et al., 2011), but the research in this
thesis uses the DSM-IV definition. Traumatic events are quite common as the
prevalence of experiencing a traumatic event at least once in our lives is estimated
above 80% in Western countries including the Netherlands (de Vries and OIff, 2009),
and the majority of people will even experience multiple traumatic events in their
respective lives (Ogle et al., 2013).

Animal studies have shown that exposure to severe or prolonged stress in early-
life leads to increased reactivity of the HPA axis, which in turn probably enhances
the risk to develop psychiatric symptomatology (Liu et al., 1997; Flinn et al., 2011),
including negative mood and cognitions, anxiety and symptoms related to memory
of the traumatic event (i.e., intrusions and nightmares). In research, a distinction is
often been made between exposure to early life stress (like childhood maltreatment)
and traumas experienced in later life. In clinical practice most patients with trauma-
related symptoms are diagnosed with major depressive disorder, anxiety disorder,
posttraumatic stress disorder (PTSD), or a combination of these disorders. As these
three classes of disorders are all associated with dysfunction of the HPA-axis, they
are also referred to as stress-related disorders (Sachar et al., 1970; Arana et al., 1985;
Arborelius et al., 1999; de Kloet et al., 2006). Childhood emotional maltreatment
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consists of both emotional abuse (i.e., systematically criticizing or belittling) and
emotional neglect (i.e., not providing the emotional support and care needed,
ignoring the child’s needs). Although childhood emotional maltreatment does not
meet the criteria for a traumatic event as defined by the DSM-IV, it is considered
one of the major precursors of developing stress-related disorders in later life (Gibb
et al., 2007; Spinhoven et al., 2010).

The association between exposure to severe stressful situations and an increased
vulnerability to develop psychiatric symptomatology has lead scientists to start
investigating changes in neural correlates that are induced by severe stress,
particularly when exposed in childhood. Animal studies using adverse environmental
paradigms such as maternal separation, loss, or isolation rearing provided evidence
of persistent changes in brain structure as a result of exposure to stressful early-life
experiences (Fabricius et al., 2008; Oreland et al., 2010). These changes include
decreased neurogenesis and reductions in dendritic branching and dendrite length,
and were found to be predominantly present in the prefrontal cortex, the amygdala
and the hippocampus, which are all constituents of the limbic system (Sanchez et al.,
2001; McEwen, 2008). In human studies on the effect of childhood maltreatment
on gray matter volumes, affected structures are mostly situated within the medial
prefrontal cortex and the hippocampus (Cohen et al., 2006; Tomoda et al., 2009;
Treadway et al., 2009; Frodl et al., 2010; van Harmelen et al., 2010). One theory on
the pathway through which childhood maltreatment leads to persistent changes
in the brain is through exposure to chronic stress and altered HPA-axis functioning
(Shonkoff et al., 2009; Doom et al., 2013; Doom et al., 2014).

Although changes in brain structure under influence of exposure to stressful
experiences in early life have been clearly demonstrated, changes in brain function
are still poorly understood. Because adverse events like childhood maltreatment
predispose for the development of psychopathology in later life, it is important
to examine these persistent changes in brain function. These changes can tell
us something about the pathways that lead from childhood maltreatment to
vulnerability for psychiatric disorders. If these pathways are better understood,
treatment methods could be adjusted accordingly.

In Chapter 2, the persisting effects of exogenous adverse experiences, in particular
repeated exposure to childhood emotional maltreatment, on brain function are
investigated. 88 participants (44 participants with a history of childhood emotional
maltreatment, and 44 matched healthy controls) were drawn from the large-scale
longitudinal Netherlands Study of Depression and Anxiety (NESDA; (Penninx et al.,
2008). Using functional magnetic resonance imaging (fMRI), differences in resting-
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state functional connectivity (RSFC) were examined for four resting-state networks:
the limbic network, the salience network, the default mode network, and a network
seeded by a location in the medial prefrontal cortex based on volumetric differences
found in previous research (van Harmelen et al., 2010).

Severely stressful experiences, like childhood emotional maltreatment are
exogenous factors that typically influence HPA-axis functioning and are associated
with an increase in vulnerability towards developing stress-related psychiatric
symptomatology. There are also examples of endogenous factors that impose
similar effects. The next section will describe such an endogenous cause: Cushing’s
disease.

Cushing’s disease

Cushing’s disease represents a unique model for examining the effects of prolonged
exposure to high levels of endogenous cortisol on the human brain as well as for
examining the relation between these effects and psychiatric symptomatology.
In Cushing’s disease a pituitary adenoma produces adrenocorticotropic hormone
(ACTH), which in turn stimulates the release of glucocorticoids by the adrenal
cortex. Normally, the HPA-axis is regulated by a negative feedback mechanism (see
box 1), however, as the production of ACTH is stimulated by the pituitary adenoma,
the HPA axis is unable to regulate itself, causing an increase in the level of cortisol,
which is named hypercortisolism (Nieman and llias, 2005; Newell-Price et al., 2006).
Cushing’s disease is a rare disease with an estimated prevalence of 39.1 per million
and an incidence rate of 2.4 cases per million each year (Etxabe and Vazquez, 1994).
Physicalfeaturesthatarerelatedto Cushing’sdiseaseinclude, obesity (predominantly
abdominal), moon face, high blood pressure, plethora, acne, increased bruisability,
striae, weak bones and muscles, hirsutism and glucose intolerance (Newell-Price
et al., 1998). In addition to these physical symptoms, psychiatric symptoms have
been reported in concert. The psychiatric symptomatology related to Cushing’s
disease overlaps with the symptomatology present in stress-related disorders, as
both symptoms of depression and anxiety are reported (Kelly et al., 1996; Sonino
and Fava, 2001).

On a structural brain level hypercortisolism has been associated with decreases
in hippocampal volume (Starkman et al., 1992), an area rich in both GR and MR,
and therefore very sensitive to hypercortisolism. An important function of the
hippocampus is memory functioning, which has also been found to be impaired
under influence of hypercortisolism (Whelan et al., 1980; Mauri et al., 1993).

Cushing’s disease is treated using transsphenoidal surgery, in some cases followed
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by postoperative radiotherapy and/or hydrocortisone substitution, dependent on
the outcome of the surgery. Remission occurs with the re-instatement of normalized
basal and ACTH-stimulated cortisol values. Following successful treatment of
hypercortisolism, both the physical features and the psychiatric symptoms improve
substantially (Cohen, 1980; Kelly et al., 1996), which coincides with a reversibility
of the reductions in brain volume (Starkman et al., 1999; Bourdeau et al., 2002;
Starkman et al., 2003). However, despite improvement, symptoms persist when
compared to healthy controls as patients with long-term remission of Cushing’s
disease display increased prevalence of depression and anxiety (Tiemensma et
al., 2010a), cognitive impairments (Tiemensma et al., 2010b), and decreased
quality of life (van Aken et al., 2005; Tiemensma et al., 2011). The persistence of
these symptoms lead us to hypothesize that in Cushing’s disease brain structure
and function are permanently changed under influence of long term exposure to
hypercortisolism. To examine this, our group conducted an MRI study in which 25
patients in long-term remission of Cushing’s disease were compared with 25 healthy
controls matched for age, gender and level of education. T1-weighted scans and
diffusion tensor imaging (DTI) scans were used to examine gray matter volume and
white matter integrity, and resting-state scans were used to examine RSFC, results
of which are reported in Chapter 3-5 (see below). In addition, task-related MRI scans
were used to examine brain function during cognitive performance, emotional
processing, and during encoding and retrieval of emotional stimuli (results are not
reported in this thesis).

Reductions in gray matter volume under influence of exposure to hypercortisolism
are well documented. However, less is known about the persistence of these
reductions and their relation to persistent behavioral impairments. This is addressed
in Chapter 3, where differences in brain volume are investigated in patients in long-
term remission of Cushing’s disease and in healthy controls, using a voxel-based
morphometry (VBM) approach. The relation between these brain volumes and
psychiatric symptomatology in the patient group are studied in concert.

In Chapter 4 structural brain abnormalities in remitted Cushing’s disease are further
explored, using diffusion tensor imaging (DTI). DTl is an imaging technique, which
enables the mapping of the diffusion of (predominantly water) particles in tissue
(for more information see box 2). Using these DTI scans, the degree in which
particles are restricted in the direction of their diffusion can be calculated. This is
called fractional anisotropy (FA), and FA values in white matter are a measure for the
integrity of the white matter. In Chapter 4, white matter integrity in patients in long
term remission of Cushing’s disease is investigated by extracting FA values from DTI
scans, and subsequently using these in a tract-based spatial statistics approach. The
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region-of-interest analysis focuses on FA values in the bilateral cingulate cingulum,
the bilateral hippocampal cingulum, the bilateral uncinate fasciculus and corpus
callosum. An exploratory whole brain analysis is used to detect changes in FA values
in white matter outside our a priori defined regions-of-interest. In addition, the
association between FA values in the white matter tracts resulting from our region-
of-interest analysis and psychiatric symptomatology reported by the patients with
long-term remission of Cushing’s disease is determined.

In Chapter 5 functional connectivity in remitted Cushing’s disease is explored.
Using a probabilistic independent component analysis, three a priori hypothesized
functional brain networks are identified: The limbic network, the default mode
network, and the salience network. Resting-state functional connectivity
differences between patients with long-term remission of Cushing’s disease and
healthy controls are investigated for each of these networks using a dual-regression
method. In addition, the strength of resting-state functional connectivity was
studied in relation to the psychiatric symptomatology displayed by the patients.

The brain characteristics of resilience to trauma

As described in a previous section experiencing a traumatic event is quite common,
with an estimated prevalence of around 80% in Western countries (de Vries and OIff,
2009). Prevalence estimations for the development of PTSD after trauma exposure
vary greatly based on type of trauma and age of exposure (Stein et al., 1997,
Creamer et al., 2001; Alisic et al., 2014). However, it is clear that not everyone who
experiences a traumatic event will develop trauma-related psychiatric symptoms.
This notion is supported by figures from The United States National Comorbidity
Survey showing an estimated 7.8% of the population in the US develops a PTSD at
leastonceintheir lives, whichis alower incidence rate compared to trauma exposure
(Kessler et al., 1995). Clearly, there is a degree of inter-individual variation in the
way individuals respond and adapt to severe stress, with a spectrum ranging from
vulnerable individuals on the one side to resilient individuals on the other. In simple
terms of outcome, resilience can be defined as the absence of psychopathology
after experiencing a traumatic event. Usually, however, more complex and dynamic
definitions of resilience are used in the literature. These describe resilience as a
dynamic, multidimensional process encompassing positive adaptation within the
context of significant adversity, and also, from a more psychobiological standpoint,
as short-term and long-term responses that reduce allostatic load (Curtis and
Cicchetti, 2003; Charney, 2004; Cicchetti and Rogosch, 2009).

In the search for protective and risk factors, the first evidence came from large-
scale epidemiological studies that attempt to map characteristics and incidence
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rates of trauma exposure and PTSD. Evidently, the nature of the traumatic event is
an important risk factor, with sexual assault being the strongest predictor of PTSD
for women and combat exposure for men (Kessler et al., 1995; Stein et al., 1997,
Creamer et al., 2001). Although men are more prone to experience a traumatic
event, women are more likely to develop PTSD (Kessler et al., 1995; Breslau et al.,
1999). The experience of prior trauma and especially trauma in childhood was
found to be a risk factor, but also the lack of social support posttrauma and having
a family history of psychopathology were found to be important determinants in
the development of PTSD (Ozer et al., 2003). These risks or vulnerability factors
however do not give an answer to the question why some individuals thrive,
adapt or ‘bounce back’ in the face of adverse events, while others break down and
develop psychiatric symptoms. Over the years, research has therefore focused on
investigating psychological mechanisms that protect an individual from the negative
effects of trauma. These include, but are not limited to, emotion regulation, self-
esteem, executive functioning (i.e., problem-solving skills and planning), active
coping strategies, optimism and internal locus of control (Masten, 2001; Southwick
et al., 2005; Masten, 2007; Cicchetti, 2010). In addition, personality traits are also
associated with an individual’s level of resilience. High neuroticism is directly related
to an increased chance for developing PTSD (Breslau et al.,, 1991; Nakaya et al.,
2006), whereas low neuroticism, and high traits of extraversion, conscientiousness,
openness and agreeableness are related to a resilient personality profile (Friborg et
al., 2005; Campbell-Sills et al., 2006).

In contrast to the knowledge on psychological factors that are involved in resilience,
not muchisknownaboutthe neural mechanismsthat underlie resilience to traumatic
stress. To review the state of the art knowledge regarding these mechanisms at
the start of this part of the thesis we conducted a thorough literature review,
resulting in Chapter 6, which provides an oversight of studies that investigate
characteristics of brain structure and function related to resilience to trauma. One
of the key conclusions of this review concerns the designs that are being used to
examine resilience. Most studies use a design comparing trauma-exposed non-
PTSD (resilient) individuals with PTSD individuals. With this comparison it remains
unclear whether differences found between these two groups should be attributed
to trauma-related symptomatology in the patient group, or to the resilience in the
control group. Therefore, some suggestions on how to operationalize resilience in
behavioral neuroscience are provided. One of these suggestions is to add another
control group to the design, consisting of individuals who have not experienced
trauma and do not have a history of psychopathology. The advantage of including
this control group to the design is that it enables the disentangling of effects related
to resilience from effects related to psychopathology. In both chapter 7 and 8 this
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design is applied to investigate neural mechanisms that are specific to resilience to
traumatic stress.

In Chapter 7, resting-state functional connectivity related to resilience to childhood
maltreatment is investigated. Individuals with a history of childhood maltreatment
without psychopathology (n = 11; resilient group) are compared to both individuals
with a history of maltreatment and psychopathology (n = 11; vulnerable group)
and a healthy control group (n = 11), consisting of individuals without a history of
childhood maltreatment and without psychopathology. The same networks as in
Chapter 3 are examined: limbic network, default mode network, salience network,
and a network seeded by a location in the medial prefrontal cortex.

To be able to further investigate the neural mechanisms of resilience to trauma an
MRI study was conducted using a highly relevant group within the context of trauma
exposure and resilience: Dutch police officers. By virtue of their profession, Dutch
police officers have a very high chance of encountering multiple traumatic events.
It is therefore very important that these individuals are as resilient as possible, and
to ensure this police officers are subjected to strict selection criteria and training
methods. There are indications that these methods are effective as there is no
evidence that police officers suffer from more trauma-related psychopathology
compared to non trauma-related occupations (van der Velden et al., 2013).
However, these training and selection methods are based on psychological and
personality constructs that are known be indicative of resilience, might potentially
be enhanced by additional information on the neural mechanisms that underlie
resilience to trauma. In our study, police officers that were exposed to multiple
profession related traumatic events but with no history of psychopathology (n =
29; resilient group) are compared to police officers with trauma exposure and a
history of psychopathology (n = 33; vulnerable group) and to recruits from the
police academy who were not exposed to traumatic events and had no history of
psychopathology (n = 19; control group). T1-weighted scans and diffusion tensor
imaging scans are used to examine gray matter volume and white matter integrity,
and resting-state scans are used to examine resting-state functional connectivity. In
addition, task-related fMRI scans are used to examine brain function during implicit
emotion regulation, emotional working memory performance, and during social
stress (results of the task-related fMRI scans are not reported in this thesis).

Using the T1-weighted scans and diffusion tensor imaging scans characteristics of
gray matter volume and white matter integrity related to resilience to stress are
reported in Chapter 8. Moreover, the relationship between these characteristics
and resilience related behavior are examined, as well as the association between
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white matter integrity characteristics, which is a measure for structural connectivity,
and functional connectivity measured with resting-state MRI scans.

Finally, in Chapter 9, a summary is provided of the empirical studies reported in this
thesis and the findings are integrated and discussed. A timeline is provided (Figure 1)
to give an oversight for each of the Chapters when severe stress / hypercortisolism
exposure occurred and when MRI measurements where assessed.

Figure 1. Timeline of severe stress / hypercortisolism exposure and time of scanning for each of
the Chapters.
. . Age of ing of th tched
Timeline Age of scanning of the ge o scannlr;g ot fne maiehed groups
unexposed control group . "
Age of scanning of patient group
‘. L4 ‘ and matched healthy control group
“ 10yr 20 30 40
|
l @ Chapter2
‘ . ) Chapter 3
@ Exposure to Cushing’s disease @ Chapter4
Exposure to childhood (emotional) maltreatment Chapter 5
| @ Chapter7
& Chapter8
Exposure to traumatic events

The stress response (BOX 1)

The primary system in the brain that initiates and regulates the stress response
is the limbic system. It consists of various brain structures including the medial
prefrontal cortex, insula, amygdala, hippocampus, hypothalamus and nucleus
accumbens (Morgane et al., 2005; Shin and Liberzon, 2010). The amygdala is a key
structure in the initiation of the stress response, as it is activated when faced with
a stressor (Cahill et al., 1996; Irwin et al., 1996; Whalen, 1998; Shin and Liberzon,
2010), signaling the hypothalamus to activate the autonomic nervous system.
The autonomic nervous system controls involuntary functions like heartbeat,
blood pressure, constriction, and dilation of blood vessels, and regulates these
through the sympathetic nervous system and the parasympathic nervous system.
The sympathetic nervous system promotes action, whereas the parasympathic
nervous system promotes generation and preservation of energy, mainly by putting
all systems to a phase of rest, aside from digestion, which is activated. During
a stressor the autonomic nervous system switches on the sympathic nervous
system through the release of the hormone epinephrine by the adrenal glands as
well as norepinephrine by the locus coeruleus (Berridge and Waterhouse, 2003).
The release of these hormones result in a number of physical reactions, including
increases in heart rate, increases in respiratory rate, stimulation of glycogenolysis
in the liver and muscles (Arnall et al., 1986). These reactions all result in increases
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of energy availability throughout the body, but most importantly in the muscles.
This rise in energy provides an individual with the resources needed to adapt to
the situation as best as possible. On a behavioral level, this results in the fight-
or-flight response (Cannon, 1929), although responses of freeze, fright and faint
have also been observed when exposed to severe stressors (Bracha, 2004). The
sympathetic nervous system reaction on a stressor is a rather fast process, with
the release of epinephrine and norepinephrine being initiated within milliseconds
after the stressor presents itself (Morilak et al., 2005).

A simultaneously activated, but much slower mechanism is the hypothalamic-
pituitary-adrenal (HPA) axis. The HPA axis is activated under influence of the
same signaling of the amygdala to the hypothalamus. The hypothalamus secretes
corticotropin-releasing hormone (CRH), which in turn stimulates the pituitary
gland to secrete adrenocorticotropic hormone (ACTH). ACTH signals the adrenal
cortex to produce and release glucocorticoid hormones (in humans also known as
cortisol)tothebloodstream (Riedemannetal.,2010). Therelease of glucocorticoids
by the adrenal cortex happens between three and seven minutes after the initial
activation of the HPA axis (Bassett and Cairncross, 1975). Glucocorticoids can pass
the blood-brain barrier, reaching the brain where they will bind on either the
mineralocorticoid receptors (MR) or the glucocorticoid receptors (GR). MR have
a seven to ten fold greater affinity for binding glucocorticoids when compared
to GR (Reul et al., 2000), which means they are occupied the majority of the
time, whereas GR only get occupied when substantial amount of glucocorticoids
are available (i.e., during awakening or during a stress response). The GR are
expressed throughout most of the brain, with the strongest expression in the
hippocampus. MR expression is more localized in specific areas of the brain, with
the strongest expression in the hippocampus as well, and moderate expression
in the amygdala and hypothalamus (Reul and de Kloet, 1986). By binding to these
receptors, glucocorticoids regulate the HPA axis as negative feedback occurs on
the secretion of both CRH in the hypothalamus and ACTH in the pituitary gland
(Wintermantel et al., 2005).

The activation of the HPA-axis is a much slower process compared to the
epinephrine/norepinephrine release, and the role of the HPA-axis is to fine-tune
and terminate the initial stress response (Radley et al., 2008). Glucocorticoids
facilitate the fight-or-flight response by increasing the availability of energy.
This happens through increasing the mobilization of glucose (Rizza et al., 1982;
Dinneen et al.,, 1993), by increasing metabolism of proteins and fatty acids
(Horber and Haymond, 1990; Djurhuus et al., 2002), and by inducing insulin
resistance (Rizza et al., 1982). In addition, glucocorticoids protect an individual
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c0

from overactivation of the immune system in the case of tissue damage by
suppressing the immune response (Palacios and Sugawara, 1982; Elenkov, 2004).
This is the reason that glucorticoids are also used as an immunosuppressive drug
proscribed for the treatment of various disease related to a dysfunction of the
immune system.

Diffusion Tensor Imaging (Box 2)

Diffusion tensor imaging (DTI) is a special imaging technique, which allows the
mapping of diffusional properties of predominantly water molecules in brain
tissue. In neuroscience, DTl is typically used to measure integrity of white matter
tracts throughout the brain. White matter tracts are myelinated nerve cell
projections, which connect various gray matter areas enabling signal transmission
between these areas. The myelin sheath acts as an insulator, thus increasing the
speed of transmission of signals through the nerve. Diffusion inside the white
matter tracts is restricted by the myelin sheath and the cell membrane. Hence,
it is faster in the direction aligned with the tract and slower in the perpendicular
direction. A DTI scan uses information obtained by scanning in multiple gradient
directions (in the case of the studies described in this thesis 32 directions were
used) to compute for each voxel the diffusion tensor, which has the shape of
an ellipsoid (See Figure 2). The shape of the ellipsoid can be defined by three
eigenvectors: one describing the principal long axis, one describing the width, and
one describing the depth of the ellipsoid. Each of the eigenvectors has a length,
which is called the eigenvalue (A). The eigenvalue along the principal axis (A1) is
also called the axial diffusivity (AD). The average of the other two eigenvalues (A2
and A3) is called the radial diffusivity (RD). Furthermore the mean of the three
eigenvalues is called the mean diffusivity (MD). Using the three eigenvalues
the fractional anisotropy (FA) value can be calculated (See formula 1 (Mori and
Zhang, 2006). FA is a sensitive marker for measuring white matter integrity and
its values are scaled between 0 (isotropic) and 1 (anisotropic). However, it is also
non-specific, meaning it gives no information about the structural properties
underlying abnormalities in white matter tissue. In this thesis, finding differences
in FA values is therefore always followed by post-hoc analyses of the AD, RD,
and MD in those regions. Decreased diffusion along the principal direction of
the fiber (AD) indicates axonal loss (Budde et al., 2009), while increased diffusion
perpendicular to the principal direction of the fiber (RD) indicates demyelination
(Song et al., 2005; Alexander et al., 2007). In addition, an increase in overall
water diffusion in all directions (MD) is also an indication for demyelination
(Horsfield and Jones, 2002), but could be caused by the presence of edema as
well (Alexander et al., 2007).
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Figure 2. Eigenvectors of the diffusion tensor model

Figure 2 depicts the three eigenvectors describing the ellipsoid of the diffusion tensor model.
Al (green) describes the length of the first eigenvector, describing the length of the ellipsoid. A2
and A3 describe the length of the second and third eigenvectors, which describe the width and
the depth of the ellipsoid.

Formula 1. Computing FA from the eigenvalues

FA — \/T\/(Al — )\2)2 + ()\2 — )\3)2 + ()\3 — )\1)2
2 NEYESTESY

)

el



Chapter 1

References

Alexander, A.L., Lee, J.E., Lazar, M., and Field, A.S. (2007). Diffusion tensor imaging of the brain.
Neurotherapeutics: the journal of the American Society for Experimental NeuroTherapeutics 4,
316-329.

Alisic, E., Zalta, A.K., Van Wesel, F., Larsen, S.E., Hafstad, G.S., Hassanpour, K., and Smid, G.E.
(2014). Rates of post-traumatic stress disorder in trauma-exposed children and adolescents:
meta-analysis. Br J Psychiatry 204, 335-340.

Arana, G.W.,, Baldessarini, R.J., and Ornsteen, M. (1985). The dexamethasone suppression test for
diagnosis and prognosis in psychiatry. Commentary and review. Archives of general psychiatry
42,1193-1204.

Arborelius, L., Owens, M.J., Plotsky, P.M., and Nemeroff, C.B. (1999). The role of corticotropin-
releasing factor in depression and anxiety disorders. The Journal of endocrinology 160, 1-12.

Arnall, D.A., Marker, J.C., Conlee, R.K., and Winder, W.W. (1986). Effect of infusing epinephrine on
liver and muscle glycogenolysis during exercise in rats. The American journal of physiology 250,
E641-649.

Association, A.P. (2000). Diagnostic and statistical manual of mental disorders (4th ed., text rev.).
Washington, DC: Author.

Association, A.P. (2013). Diagnostic and statistical manual of mental disorders (5th ed.).
Washington, DC: Author.

Bassett, J.R., and Cairncross, K.D. (1975). Time course for plasma 11-hydroxycorticosteroid
elevation in rats during stress. Pharmacology, biochemistry, and behavior 3, 139-142.

Berridge, C.W., and Waterhouse, B.D. (2003). The locus coeruleus-noradrenergic system:
modulation of behavioral state and state-dependent cognitive processes. Brain research. Brain
research reviews 42, 33-84.

Bourdeau, I., Bard, C., Noel, B., Lecler, I., Cordeau, M.P., Belair, M., Lesage, J., Lafontaine, L., and
Lacroix, A. (2002). Loss of brain volume in endogenous Cushing’s syndrome and its reversibility
after correction of hypercortisolism. The Journal of clinical endocrinology and metabolism 87,
1949-1954.

Bracha, H.S. (2004). Freeze, flight, fight, fright, faint: adaptationist perspectives on the acute
stress response spectrum. CNS spectrums 9, 679-685.

Breslau, N., Chilcoat, H.D., Kessler, R.C., Peterson, E.L., and Lucia, V.C. (1999). Vulnerability to
assaultive violence: further specification of the sex difference in post-traumatic stress disorder.

Psychological medicine 29, 813-821.

Breslau, N., Davis, G.C., Andreski, P., and Peterson, E. (1991). Traumatic events and posttraumatic

ee



General introduction

stress disorder in an urban population of young adults. Archives of general psychiatry 48, 216-222.

Budde, M.D., Xie, M., Cross, A.H., and Song, S.K. (2009). Axial diffusivity is the primary correlate
of axonal injury in the experimental autoimmune encephalomyelitis spinal cord: a quantitative
pixelwise analysis. The Journal of neuroscience: the official journal of the Society for Neuroscience
29, 2805-2813.

Cahill, L., Haier, R.J., Fallon, J., Alkire, M.T., Tang, C., Keator, D., Wu, J., and Mcgaugh, J.L. (1996).
Amygdala activity at encoding correlated with long-term, free recall of emotional information.
Proceedings of the National Academy of Sciences of the United States of America 93, 8016-8021.

Campbell-Sills, L., Cohan, S.L., and Stein, M.B. (2006). Relationship of resilience to personality,
coping, and psychiatric symptoms in young adults. Behaviour research and therapy 44, 585-599.

Cannon, W. (1929). Bodily changes in pain, hunger, fear, and rage. New York: Appleton-Century-
Crofts.

Charney, D.S. (2004). Psychobiological mechanisms of resilience and vulnerability: implications
for successful adaptation to extreme stress. The American journal of psychiatry 161, 195-216.

Cicchetti, D. (2010). Resilience under conditions of extreme stress: a multilevel perspective.
World psychiatry: official journal of the World Psychiatric Association 9, 145-154.

Cicchetti, D., and Rogosch, F.A. (2009). Adaptive coping under conditions of extreme stress:
Multilevel influences on the determinants of resilience in maltreated children. New directions for
child and adolescent development 2009, 47-59.

Cohen, R.A,, Grieve, S., Hoth, K.F., Paul, R.H., Sweet, L., Tate, D., Gunstad, J., Stroud, L., Mccaffery,
J., Hitsman, B., Niaura, R., Clark, C.R., Mcfarlane, A., Bryant, R., Gordon, E., and Williams, L.M.
(2006). Early life stress and morphometry of the adult anterior cingulate cortex and caudate
nuclei. Biological psychiatry 59, 975-982.

Cohen, S.I. (1980). Cushing’s syndrome: a psychiatric study of 29 patients. The British journal of
psychiatry: the journal of mental science 136, 120-124.

Creamer, M., Burgess, P., and Mcfarlane, A.C. (2001). Post-traumatic stress disorder: findings from
the Australian National Survey of Mental Health and Well-being. Psychol Med 31, 1237-1247.

Curtis, W.J., and Cicchetti, D. (2003). Moving research on resilience into the 21st century:
theoretical and methodological considerations in examining the biological contributors to
resilience. Development and psychopathology 15, 773-810.

De Kloet, C.S., Vermetten, E., Geuze, E., Kavelaars, A., Heijnen, C.J., and Westenberg, H.G. (2006).
Assessment of HPA-axis function in posttraumatic stress disorder: pharmacological and non-

pharmacological challenge tests, a review. Journal of psychiatric research 40, 550-567.

De Vries, G.J., and OIff, M. (2009). The lifetime prevalence of traumatic events and posttraumatic
stress disorder in the Netherlands. Journal of traumatic stress 22, 259-267.

23



Chapter 1

Dinneen, S., Alzaid, A., Miles, J., and Rizza, R. (1993). Metabolic effects of the nocturnal rise in
cortisol on carbohydrate metabolism in normal humans. The Journal of clinical investigation 92,
2283-2290.

Djurhuus, C.B., Gravholt, C.H., Nielsen, S., Mengel, A., Christiansen, J.S., Schmitz, O.E., and
Moller, N. (2002). Effects of cortisol on lipolysis and regional interstitial glycerol levels in humans.
American journal of physiology. Endocrinology and metabolism 283, E172-177.

Doom, J.R., Cicchetti, D., and Rogosch, F.A. (2014). Longitudinal patterns of cortisol regulation
differ in maltreated and nonmaltreated children. J Am Acad Child Adolesc Psychiatry 53, 1206-
1215.

Doom, J.R., Cicchetti, D., Rogosch, F.A., and Dackis, M.N. (2013). Child maltreatment and gender
interactions as predictors of differential neuroendocrine profiles. Psychoneuroendocrinology 38,
1442-1454.

Elenkov, I.J. (2004). Glucocorticoids and the Th1/Th2 balance. Annals of the New York Academy
of Sciences 1024, 138-146.

Etxabe, J., and Vazquez, J.A. (1994). Morbidity and mortality in Cushing’s disease: an
epidemiological approach. Clinical endocrinology 40, 479-484.

Fabricius, K., Wortwein, G., and Pakkenberg, B. (2008). The impact of maternal separation on
adult mouse behaviour and on the total neuron number in the mouse hippocampus. Brain
structure & function 212, 403-416.

Flinn, M.V., Nepomnaschy, P.A., Muehlenbein, M.P., and Ponzi, D. (2011). Evolutionary functions
of early social modulation of hypothalamic-pituitary-adrenal axis development in humans.
Neuroscience and biobehavioral reviews 35, 1611-1629.

Friborg, O., Barlaug, D., Martinussen, M., Rosenvinge, J.H., and Hjemdal, O. (2005). Resilience in
relation to personality and intelligence. International journal of methods in psychiatric research
14, 29-42.

Friedman, M.J., Resick, P.A., Bryant, R.A., and Brewin, C.R. (2011). Considering PTSD for DSM-5.
Depression and anxiety 28, 750-769.

Frodl, T., Reinhold, E., Koutsouleris, N., Reiser, M., and Meisenzahl, E.M. (2010). Interaction of
childhood stress with hippocampus and prefrontal cortex volume reduction in major depression.
Journal of psychiatric research 44, 799-807.

Gibb, B.E., Chelminski, I., and Zimmerman, M. (2007). Childhood emotional, physical, and sexual
abuse, and diagnoses of depressive and anxiety disorders in adult psychiatric outpatients.
Depression and anxiety 24, 256-263.

Horber, F.F.,, and Haymond, M.W. (1990). Human growth hormone prevents the protein catabolic
side effects of prednisone in humans. The Journal of clinical investigation 86, 265-272.

24



General introduction

Horsfield, M.A., and Jones, D.K. (2002). Applications of diffusion-weighted and diffusion tensor
MRI to white matter diseases - a review. NMR in biomedicine 15, 570-577.

Irwin, W., Davidson, R.J., Lowe, M.J., Mock, B.J., Sorenson, J.A., and Turski, P.A. (1996). Human
amygdala activation detected with echo-planar functional magnetic resonance imaging.
Neuroreport 7, 1765-1769.

Kelly, W.F., Kelly, M.J., and Faragher, B. (1996). A prospective study of psychiatric and psychological
aspects of Cushing’s syndrome. Clinical endocrinology 45, 715-720.

Kessler, R.C., Sonnega, A., Bromet, E., Hughes, M., and Nelson, C.B. (1995). Posttraumatic stress
disorder in the National Comorbidity Survey. Archives of general psychiatry 52, 1048-1060.

Liu, D., Diorio, J., Tannenbaum, B., Caldji, C., Francis, D., Freedman, A., Sharma, S., Pearson, D.,
Plotsky, P.M., and Meaney, M.J. (1997). Maternal care, hippocampal glucocorticoid receptors,
and hypothalamic-pituitary-adrenal responses to stress. Science 277, 1659-1662.

Masten, A.S. (2001). Ordinary magic. Resilience processes in development. The American
psychologist 56, 227-238.

Masten, A.S. (2007). Resilience in developing systems: progress and promise as the fourth wave
rises. Development and psychopathology 19, 921-930.

Mauri, M., Sinforiani, E., Bono, G., Vignati, F., Berselli, M.E., Attanasio, R., and Nappi, G. (1993).
Memory impairment in Cushing’s disease. Acta neurologica Scandinavica 87, 52-55.

Mcewen, B.S. (1998). Stress, adaptation, and disease. Allostasis and allostatic load. Annals of the
New York Academy of Sciences 840, 33-44.

Mcewen, B.S. (2008). Central effects of stress hormones in health and disease: Understanding
the protective and damaging effects of stress and stress mediators. European journal of
pharmacology 583, 174-185.

Morgane, P.J., Galler, J.R., and Mokler, D.J. (2005). A review of systems and networks of the limbic
forebrain/limbic midbrain. Progress in neurobiology 75, 143-160.

Mori, S., and Zhang, J. (2006). Principles of diffusion tensor imaging and its applications to basic
neuroscience research. Neuron 51, 527-539.

Morilak, D.A., Barrera, G., Echevarria, D.J., Garcia, A.S., Hernandez, A., Ma, S., and Petre, C.O.
(2005). Role of brain norepinephrine in the behavioral response to stress. Progress in neuro-

psychopharmacology & biological psychiatry 29, 1214-1224.

Nakaya, M., Oshio, A., and Kaneko, H. (2006). Correlations for Adolescent Resilience Scale with
big five personality traits. Psychological reports 98, 927-930.

Newell-Price, J., Bertagna, X., Grossman, A.B., and Nieman, L.K. (2006). Cushing’s syndrome.
Lancet 367, 1605-1617.

e5



Chapter 1

Newell-Price, J., Trainer, P., Besser, M., and Grossman, A. (1998). The diagnosis and differential
diagnosis of Cushing’s syndrome and pseudo-Cushing’s states. Endocrine reviews 19, 647-672.

Nieman, L.K., and llias, I. (2005). Evaluation and treatment of Cushing’s syndrome. The American
journal of medicine 118, 1340-1346.

Ogle, C.M., Rubin, D.C., Berntsen, D., and Siegler, I.C. (2013). The Frequency and Impact of
Exposure to Potentially Traumatic Events Over the Life Course. Clinical psychological science: a
journal of the Association for Psychological Science 1, 426-434.

Oreland, S., Nylander, I., and Pickering, C. (2010). Prolonged maternal separation decreases
granule cell number in the dentate gyrus of 3-week-old male rats. Int J Dev Neurosci 28, 139-144.

Ozer, E.J., Best, S.R,, Lipsey, T.L., and Weiss, D.S. (2003). Predictors of posttraumatic stress disorder
and symptoms in adults: a meta-analysis. Psychological bulletin 129, 52-73.

Palacios, R., and Sugawara, |. (1982). Hydrocortisone abrogates proliferation of T cells in
autologous mixed lymphocyte reaction by rendering the interleukin-2 Producer T cells
unresponsive to interleukin-1 and unable to synthesize the T-cell growth factor. Scandinavian
journal of immunology 15, 25-31.

Penninx, B.W., Beekman, A.T., Smit, J.H., Zitman, F.G., Nolen, W.A., Spinhoven, P., Cuijpers, P.,
De Jong, PJ., Van Marwijk, H.W., Assendelft, W.J., Van Der Meer, K., Verhaak, P., Wensing, M.,
De Graaf, R., Hoogendijk, W.J., Ormel, J., and Van Dyck, R. (2008). The Netherlands Study of
Depression and Anxiety (NESDA): rationale, objectives and methods. International journal of
methods in psychiatric research 17, 121-140.

Radley, J.J., Williams, B., and Sawchenko, P.E. (2008). Noradrenergic innervation of the dorsal medial
prefrontal cortex modulates hypothalamo-pituitary-adrenal responses to acute emotional stress.
The Journal of neuroscience: the official journal of the Society for Neuroscience 28, 5806-5816.

Reul, J.M., and De Kloet, E.R. (1986). Anatomical resolution of two types of corticosterone
receptor sites in rat brain with in vitro autoradiography and computerized image analysis. Journal
of steroid biochemistry 24, 269-272.

Reul, J.M., Gesing, A., Droste, S., Stec, I.S., Weber, A., Bachmann, C., Bilang-Bleuel, A., Holsboer,
F., and Linthorst, A.C. (2000). The brain mineralocorticoid receptor: greedy for ligand, mysterious
in function. European journal of pharmacology 405, 235-249.

Riedemann, T., Patchey, A.V., Cho, K., and Almeida, O.F. (2010). Corticosteroids: way upstream.
Molecular brain 3, 2.

Rizza, R.A., Mandarino, L.J., and Gerich, J.E. (1982). Cortisol-induced insulin resistance in man: impaired
suppression of glucose production and stimulation of glucose utilization due to a postreceptor detect

of insulin action. The Journal of clinical endocrinology and metabolism 54, 131-138.

Sachar, E.J., Hellman, L., Fukushima, D.K., and Gallagher, T.F. (1970). Cortisol production in depressive
iliness. A clinical and biochemical clarification. Archives of general psychiatry 23, 289-298.

cb



General introduction

Sanchez, M.M., Ladd, C.O., and Plotsky, P.M. (2001). Early adverse experience as a developmental
risk factor for later psychopathology: evidence from rodent and primate models. Development
and psychopathology 13, 419-449.

Selye, H. (1979). Stress and the reduction of distress. Journal of the South Carolina Medical
Association 75, 562-566.

Shin, L.M., and Liberzon, I. (2010). The neurocircuitry of fear, stress, and anxiety disorders.
Neuropsychopharmacology:  official  publication of the American  College  of
Neuropsychopharmacology 35, 169-191.

Shonkoff, J.P., Boyce, W.T., and Mcewen, B.S. (2009). Neuroscience, molecular biology, and the
childhood roots of health disparities: building a new framework for health promotion and disease
prevention. JAMA 301, 2252-2259.

Song, S.K., Yoshino, J., Le, T.Q., Lin, S.J., Sun, SW., Cross, A.H., and Armstrong, R.C. (2005).
Demyelination increases radial diffusivity in corpus callosum of mouse brain. Neurolmage 26,
132-140.

Sonino, N., and Fava, G.A. (2001). Psychiatric disorders associated with Cushing’s syndrome.
Epidemiology, pathophysiology and treatment. CNS drugs 15, 361-373.

Southwick, S.M., Vythilingam, M., and Charney, D.S. (2005). The psychobiology of depression
and resilience to stress: implications for prevention and treatment. Annual review of clinical
psychology 1, 255-291.

Spinhoven, P., Elzinga, B.M., Hovens, J.G., Roelofs, K., Zitman, F.G., Van Oppen, P., and Penninx,
B.W. (2010). The specificity of childhood adversities and negative life events across the life span
to anxiety and depressive disorders. Journal of affective disorders 126, 103-112.

Starkman, M.N., Gebarski, S.S., Berent, S., and Schteingart, D.E. (1992). Hippocampal formation
volume, memory dysfunction, and cortisol levels in patients with Cushing’s syndrome. Biol
Psychiatry 32, 756-765.

Starkman, M.N., Giordani, B., Gebarski, S.S., Berent, S., Schork, M.A., and Schteingart, D.E. (1999).
Decrease in cortisol reverses human hippocampal atrophy following treatment of Cushing’s
disease. Biological psychiatry 46, 1595-1602.

Starkman, M.N., Giordani, B., Gebarski, S.S., and Schteingart, D.E. (2003). Improvement in
learning associated with increase in hippocampal formation volume. Biological psychiatry 53,
233-238.

Stein, M.B., Walker, J.R., Hazen, A.L., and Forde, D.R. (1997). Full and partial posttraumatic stress
disorder: findings from a community survey. Am J Psychiatry 154, 1114-1119.

Tiemensma, J., Biermasz, N.R., Middelkoop, H.A., Van Der Mast, R.C., Romijn, J.A., and Pereira,

A.M. (2010a). Increased prevalence of psychopathology and maladaptive personality traits after
long-term cure of Cushing’s disease. J Clin Endocrinol Metab 95, E129-141.

27



Chapter 1

Tiemensma, J., Kaptein, A.A., Pereira, A.M., Smit, J.W., Romijn, J.A., and Biermasz, N.R. (2011).
Negative illness perceptions are associated with impaired quality of life in patients after long-
term remission of Cushing’s syndrome. European journal of endocrinology / European Federation
of Endocrine Societies 165, 527-535.

Tiemensma, J., Kokshoorn, N.E., Biermasz, N.R., Keijser, B.J., Wassenaar, M.J., Middelkoop, H.A.,
Pereira, A.M., and Romijn, J.A. (2010b). Subtle cognitive impairments in patients with long-term
cure of Cushing’s disease. J Clin Endocrinol Metab 95, 2699-2714.

Tomoda, A., Suzuki, H., Rabi, K., Sheu, Y.S., Polcari, A., and Teicher, M.H. (2009). Reduced
prefrontal cortical gray matter volume in young adults exposed to harsh corporal punishment.
Neurolmage 47 Suppl 2, T66-71.

Treadway, M.T., Grant, M.M., Ding, Z., Hollon, S.D., Gore, J.C., and Shelton, R.C. (2009). Early
adverse events, HPA activity and rostral anterior cingulate volume in MDD. PLoS One 4, e4887.

Van Aken, M.0., Pereira, A.M., Biermasz, N.R., Van Thiel, S.W., Hoftijzer, H.C., Smit, J.W., Roelfsema,
F., Lamberts, S.W., and Romijn, J.A. (2005). Quality of life in patients after long-term biochemical
cure of Cushing’s disease. The Journal of clinical endocrinology and metabolism 90, 3279-3286.

Van Der Velden, P.G., Rademaker, A.R., Vermetten, E., Portengen, M.A., Yzermans, J.C., and
Grievink, L. (2013). Police officers: a high-risk group for the development of mental health
disturbances? A cohort study. BMJ open 3.

Van Harmelen, A.L., Van Tol, M.J., Van Der Wee, N.J., Veltman, D.J., Aleman, A., Spinhoven, P., Van
Buchem, M.A,, Zitman, F.G., Penninx, B.W., and Elzinga, B.M. (2010). Reduced medial prefrontal
cortex volume in adults reporting childhood emotional maltreatment. Biological psychiatry 68,
832-838.

Whalen, P.J. (1998). Fear, Vigilance, and Ambiguity: Initial Neuroimaging Studies of the Human
Amygdala. Current directions in psychological science 7, 11.

Whelan, T.B., Schteingart, D.E., Starkman, M.N., and Smith, A. (1980). Neuropsychological deficits
in Cushing’s syndrome. The Journal of nervous and mental disease 168, 753-757.

Wintermantel, T.M., Berger, S., Greiner, E.F., and Schutz, G. (2005). Evaluation of steroid receptor

function by gene targeting in mice. The Journal of steroid biochemistry and molecular biology 93,
107-112.

c8



General introduction

c9



