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S U M M A RY

Major depressive disorder (MDD) is the most widespread psychi-
atric illness and is characterized by loss of pleasure, depressed mood,
sleep disturbances and anxiety.

Recently, an inflammatory theory of MDD has emerged, which pos-
tulates that chronic dysregulation of the stress hormone axis and in-
creased inflammation might be crucial in the pathogenesis of the dis-
order.

MDD shows genetic high-heritability. However, most association
analyses investigating polymorphisms in MDD have so far met with
conflicting results. The gene coding for FKBP5, a glucocordicoid re-
ceptor regulator protein, could play a role in vulnerability to MDD,
especially in the presence of chronic environmental stressors such as
childhood maltreatment.

Magnetic resonance imaging (MRI) is a safe and non-invasive tech-
nique that allows the investigation of the brain in vivo by using pow-
erful magnetic fields. MDD patients show volume reduction, grey
matter loss and altered function in regions that are crucial for emo-
tional regulation.

The aim of our project was to investigate how genetics of FKBP5
and childhood adversity might interact to explain structural and func-
tional brain abnormalities in MDD patients. For this, we conducted
studies on a database collected across two sites comprising a total of
104 MDD patients and 97 healthy controls.

First of all, we investigated which changes in activation and func-
tional coupling were associated with MDD during an MRI task in-
volving directing attention towards and away from the valence of
emotional stimuli.

Secondly, we investigated whether patients carrying the high-risk
allele of the rs1360780 FKBP5 functional single nucleotide polymor-
phism showed differential activation during our task conditions com-
pared to patients without genetic risk. We then sought to determine
if these changes were mirrored by structural modifications and tested
whether these could be explained by the interaction between genetic
risk and exposure to childhood trauma.

Thirdly, we investigated epigenetic modifications of the FKBP5 gene
in depressed patients and controls. Previous studies have hypothe-



sised that chronic stress might functionally regulate FKBP5 by methy-
lation of its regulatory sites. We tested whether this modification was
related to childhood adversity as well as to reduced grey matter and
altered function in emotional processing areas.

Our results have confirmed that MDD patients show differences in
activation in regions involved in emotional recognition. Functional
connectivity between some of these areas and between ones belong-
ing to the task-positive and default mode networks was also altered,
in particular in trials involving regulation of negative emotions and
recognition of positive ones.

Furthermore, we have shown that in patients carrying the high-risk
allele of rs1360780, demethylation of the intron sites of the FKBP5
gene promoter was correlated with the amount of early life maltreat-
ment endured. There was no overall difference in methylation levels
between patients and controls when rs1360780 and childhood adver-
sity were not considered. Therefore we suggest that the presence of
both genetic and environmental risk factors is able to produce lasting
epigenetic changes in a gene that has a prominent role in glucocorti-
coid receptor regulation.

Childhood maltreatment also explained structural differences in
temporal lobe white matter between MDD carrying different alleles
of rs1360780. In addition to this, across our studies we have identi-
fied the inferior frontal lobe as a region whose structure and function
are influenced by both FKBP5 allelic status and methylation. Cru-
cially, this area was less active during emotional recognition in MDD
compared to controls and its activation was inversely correlated with
depression severity.

Taken together, findings across our three studies provide evidence
that the gene coding for the glucocorticoid regulator FKBP5 protein
is a convergence point for the interplay between genetic and environ-
mental risk factors of MDD. The size of the effects we detected ranged
from small to moderate, suggesting that more and larger studies are
needed to disentangle them from other potential confounding con-
tributors to brain structure and function.
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Part I

I N T R O D U C T I O N





1
M A J O R D E P R E S S I V E D I S O R D E R

1.1 epidemiology

Major Depressive Disorder (MDD) is a widespread psychiatric ill-
ness in the general population, with a global prevalence that is highly
variable depending on the sample (from 4% up to 15%) and an annual
incidence of around 3% (Kessler et al., 2003; Ferrari et al., 2013). It
currently constitutes a significant public health issue and the World
Health Organization has ranked it as the third leading cause of dis-
ease burden worldwide (Colin Mathers, Doris Ma Fat, 2008).

Epidemiological investigations report an age of onset around 25

years, with risk increasing linearly thereafter (Kessler et al., 2003;
Christie et al., 1988; Blazer et al., 1994). Concerning the role of sex,
the prevalence of major depressive episodes during lifetime is higher
in women than men (Alonso et al., 2004; Blazer et al., 1994; Kessler
et al., 2003; Patten et al., 2006), but this association becomes weaker
with age and almost disappears when considering patients over 75

(Patten et al., 2016).
MDD is frequently co-morbid with other psychiatric conditions, such

as anxiety disorders (Gao et al., 2013), substance abuse (Blanco et
al., 2012) and other depressive conditions such as dysthymia (King-
Kallimanis, Gum, and Kohn, 2009). Chronic medical illnesses are
also often present in depressed patients (Wells, Golding, and Bur-
nam, 1988; Moldin et al., 1993; Patten, 1999; Gagnon and Patten,
2002), especially those involving pain (e.g., multiple pains, fibromyal-
gia, headaches, back pain), inflammation (e.g., arthritis, asthma, heart
disease) and, although to a lesser extent, other conditions such as can-
cer, diabetes and hypertension (Patten et al., 2016; Patten et al., 2005;
Scott et al., 2007).

Furthermore, environmental factors can increase risk of MDD and
a wide body of research has particularly highlighted the importance
of low socio-economic status (Lorant et al., 2007; Lorant et al., 2003;
Dohrenwend et al., 1992; Weich and Lewis, 1998) and acute adverse
life events (Brown and Harris, 1979; Brown, Harris, and Hepworth,
1994; Swindle, Cronkite, and Moos, 1989). Psychological abuse and



neglect during childhood, in particular, have been shown to be partic-
ularly associated with depression later in life (Infurna et al., 2016).

Finally, genetic predisposition also plays a role in the disorder, re-
gardless of environmental risks (Kendler et al., 1992), with twin stud-
ies suggesting a heritability of 40% to 50%, and family investigations
indicating a twofold to threefold increase among first-degree relatives
of MDD patients (Lohoff, 2010).

1.2 diagnosis

According the most recent edition of the diagnostic and statisti-
cal manual of mental disorders 5

th edition (DSM-V) published by the
American Psychiatric Association (APA, 2013), a diagnosis of MDD

must satisfy a list of criteria (see Table 1). Especially critical is the
presence of anhedonia or depressed mood for an extended period of
time as well as the lack of any comorbidity that might explain the
symptoms. Other conditions include changes in appetite, sleep dis-
turbances and somatic manifestations of anxiety.

1.3 etiology

Even though many treatment options and hypotheses have emerged
in the past years concerning the pathogenetic mechanisms underly-
ing MDD , a definitive answer to the matter remains elusive (Kupfer,
Frank, and Phillips, 2012).

1.3.1 The monoamine hypothesis

Historically, the first neurobiological theory regarding the disor-
der was formulated in the late 50s, when monoaminoxidase inhibtor
(MAOI) and tricyclic antidepressant (TCA) drugs were fortuitously dis-
covered. These drugs respectively inhibit the breakdown of monoamin-
ergic neurotransmitters and their uptake in the synaptic cleft, leading
to an increase of their overall availability, in particular concerning
serotonin (5-HT) and noradrenaline (NA). Both MAOIs and TCAs were
found to improve symptoms in depressed patients and provided clini-
cians with the first specific drugs for the treatment of MDD , which led
to the hypothesis that a deficit of monoaminergic transmission might
be the prime cause of the disease (Chopra, Kumar, and Kuhad, 2011).
Subsequently, in the 80s a new generation of antidepressants was



A. At least five of the following during a 2-week period and at least one
of the symptoms is (1) or (2):
1. Depressed mood almost daily and for most of the day, indicated by
patient’s subjective report or that of others. This state might be character-
ized by sadness, feeling of emptiness, or hopelessness.
2. Feelings of worthlessness or excessive or inappropriate guilt (which
may be delusional) nearly every day.
3. Markedly diminished interest or pleasure activities along with the
mood change (anhedonia).
4. Fatigue or loss of energy.
5. Significant weight loss when not dieting or, conversely, unaccounted
weight gain.
6. Persistent inability to sleep or oversleeping.
7. Psychomotor agitation or retardation.
8. Diminished ability to think or concentrate, indecisiveness.
9. Recurrent thoughts of death (not just fear of dying), recurrent suicidal
ideation without a specific plan, a suicide attempt or a specific plan for
committing suicide.
B. Clinically significant distress or impairment in social, occupational, or
other important areas of behaviour.
C. No evidence of substance abuse or of an underlying medical condition.
D. No evidence of schizoaffective disorder, schizophrenia, schizophreni-
form disorder, delusional disorder, or other psychotic disorders.
E. Absence of a manic episode or a hypomanic episode.

Table 1 – Diagnosis of major depressive disorder. Criteria A-E must be satis-
fied for the diagnosis of Major Depressive Disorder as defined by
the Diagnostic and Statistical Manual of the American Psychiatric
Association (APA, 2013).

developed to specifically inhibit the reuptake of serotonin (selective
serotonin reuptake inhibitor (SSRI)). These drugs are still used as a
first line treatment for the disease today, since they show little or
no activity on noradrenergic neurotransmitters, guaranteeing a better
safety profile (Nestler, 1998).

After these discoveries and with the growing use of SSRIs in ev-
eryday clinical practice, the pathophysiology of depression has been
dominated by the monoamine hypothesis for several years (Van Praag,
2001). During this time, many studies have tried to detect a monoamin-
ergic deficit in MDD patients. Some were indeed successful in measur-
ing reduced monoamine availability in post-mortem brain tissue and
body fluids (Young et al., 1994; Leonard, 2000), but overall results
appear so far inconsistent (Chopra, Kumar, and Kuhad, 2011). Also
the tyrosine and tryptophan hydroxylases, two enzymes involved re-
spectively in 5-HT and NA synthesis, were sometimes found to be



decreased in post-mortem brain samples, but not consistently across
studies (Delgado and Moreno, 2000).

Thus, reduced monoaminergic function may not be present in the
brain of all depressed patients. Also, variations of neurotransmitters
in blood or cerebrospinal fluid (CSF) may not be relevant for local
changes in specific brain circuits whose alterations might explain the
symptoms (Delgado and Moreno, 2000).

Since the hypothesis of a global deficit of the 5-HT andNA systems in
MDD started to seem unlikely, subsequent research focused on the role
of transport proteins which decrease the availability of neurotransmit-
ters in the synaptic cleft and reduce their effect on pre-synaptic and
post-synaptic receptors. These same molecules are targeted by SSRIs
and are expressed on human platelets as well as in the central ner-
vous system, providing a model for their study SNP (Owens et al.,
2008). Although studies have reported a decreased transporter func-
tion in MDD using the platelet model, results with post-mortem brain
samples have not been as conclusive (Owens and Nemeroff, 1994). In
vivo investigations with single positron emisson tomography (SPECT),
however, were able to confirm a reduced number of 5-HT transporters
in the midbrain of MDD patients (Staley, Malison, and Innis, 1998).
Successive studies imaging selective serotnonin transporter (5-HTT)
ligands using positron emission tomography (PET) have also found
reduced levels of the transporter in serotoninergic areas in highly neg-
ativistic patients (Meyer et al., 2004) as well as lower 5-HTT availability
binding potential in the amygdala (Parsey et al., 2006) and increased
transporter availability in the left frontal cortex and right cingulate
cortex among drug-free patients (Reivich et al., 2004). Availability of
5-HTT was also found to be higher in the thalamus and striatum of
patients (Cannon et al., 2007). Genetics studies have also shown that
alleles leading to reduced expression of these molecules are found
more frequently in depressed patients and are correlated to specific
changes in brain structure and function (Bellivier et al., 1998; Caspi
et al., 2003; Frodl et al., 2010a), which will be reviewed in detail in
Chapter 2 and Chapter 5.

All this evidence seems to point toward a deficit of monoaminergic
transmission in MDD, probably at the transporter level, but in time
a few observations pointed out that its facilitation could not be the
only mechanism leading to clinical improvement during antidepres-
sant treatment. First of all, the therapeutic actions of SSRIs, TCAs and
MAOIs all take several weeks to become apparent, despite the attain-



ment of effective blood and brain levels even after short term admin-
istration (Hyman and Nestler, 1996). Thus, it is possible that the ac-
tion of these drugs could be responsible for eliciting and maintaining
specific secondary brain adaptations that improve depressive mood.
Secondly, several years of research on monoamine metabolite levels
in MDD have to this date failed to establish a cohesive model of the
pathology. Finally, the efficacy of monoamine-targeted therapeutic
agents in several other psychiatric disorders, such as panic disorder,
obsessive-compulsive disorder, bulimia, enuresis and chronic pain,
suggests that an impairment of the monoaminergic system might be a
final common pathway which is not exclusive of depression (Nestler,
1998).

Since the depletion of monoaminergic neurotransmitters has not
proven sufficient to this day in elucidating the causes that could
lead to MDD , research has more recently focused on the finding that
systemic inflammatory regulation and the endocrine stress axis also
seem to be impaired in patients suffering from MDD (Miller, Maletic,
and Raison, 2009). This observation has led to an inflammatory hy-
pothesis of the pathogenesis of MDD, according to which a dysregu-
lation of endocrine, inflammatory and neurotrophic factors leads to
alterations in brain structure and function.

1.3.2 The inflammatory hypothesis

Stress is a physiological response of the organism to potentially
threatening situations and it involves the activation of the hypothala-
mus pituitary adrenal axis (HPAA), leading to the secretion of cortisol.
This hormone then acts through mineralocorticoid and glucocorticoid
receptor (GR) on several organs throughout the body to catabolize en-
ergy resources and inhibit inflammatory responses (de Kloet, Joëls,
and Holsboer, 2005).

Clinical evidence for a role of glucocorticoid hormones in depres-
sion has long been suspected (Carpenter and Bunney, 1971; Czéh et
al., 2001; Gibbons and McHugh, 1962). Indeed, depressive symptoms
are a common side effect of long term corticosteroid treatment (Pat-
ten, Williams, and Love, 1995) and, conversely, normalization of hor-
mone levels in Cushing syndrome improves patients’ mood (Sonino
et al., 1993). Furthermore, signs of a hyper-activation of the HPAA

are found in many depressed patients (Nestler, 1998), as well as im-
paired response to dexamethasone suppression, adrenal gland hyper-



plasia (Rubin et al., 1995), blunted adenocorticotropic hormone and
increased cortisol release after CRF stimulation (Holsboer et al., 1986).
A higher secretion of this hormone following administration of dex-
amethasone has also been detected in non depressed patients with
high family risk for depression, suggesting that genetic regulation
of the HPAA might be involved in determining vulnerability to MDD

(Holsboer et al., 1995).
Compatibly with the hypothesis of a role of stress hormones in

the pathogenesis of MDD, antidepressant treatment has been shown
to decrease cortisol levels (Schüle et al., 2009) and improve dexam-
ethasone suppression test performance in MDD patients (Nikisch et
al., 2005). Also, within the brain, GRs are expressed in regions such
as the hippocampus, amygdala and prefrontal cortex (Reul and de
Kloet, 1985), which can regulate the HPAA itself through feedback
mechanisms (Herman et al., 2005). These areas are involved in cogni-
tion as well as mood regulation and are functionally and structurally
altered in MDD (see Chapter 4).

Aside from stress hormones, cytokines also seem to play a role
in depression (Jackson and Luo, 1998; Hughes, Connor, and Harkin,
2016). It has been observed that patients treated with interferons
and interleukin 2 for other conditions show depression-like symp-
toms (Dunn, Swiergiel, and Beaurepaire, 2005; Miller et al., 1996)
and that disorders featuring inflammation are more strongly asso-
ciated with MDD compared to other chronic conditions (Patten et al.,
2016). Furthermore, the increased secretion of pro-inflammatory cy-
tokines seems to be associated with the HPAA dysregulation observed
in depressed patients cohorts and is reversed by treatment (Kim et al.,
2007).

It is not yet clear how changes in HPAA function and cytokine levels
might ultimately lead to MDD, although current hypotheses involve
the dysregulation of neurotrophic factors that might have an impact
on the structure and function of specific brain areas. The hippocam-
pus, for example, has been extensively studied in this regard, since
it shows a reduced volume in patients with MDD (see Chapter 4). In
animal models, atrophy of this structure (Magariños, Deslandes, and
McEwen, 1999; McEwen, 1999; McKittrick et al., 2000) and a decrease
in neurogenesis in it have been shown in response to a high level of
glucocorticoids (Gibbons and McHugh, 1962; Gould et al., 1997). Con-
versely, antidepressant treatment and electroconvulsive therapy have



been shown to increase neurogenesis in the hippocampus (Malberg
et al., 2000; Malberg, 2004).

How cell loss in the hippocampus could be linked to HPAA and
cytokine dysregulation is still a matter of debate. It has been sug-
gested, however, that it might be a consequence of the fact that gluco-
corticoids and inflammation suppress neurogenesis factors such as
the brain derived neurotrophic factor (BDNF), nerve growth factor,
neurotrophin 3 and vascular endothelial growth factor (Duman and
Monteggia, 2006; Dwivedi et al., 2003; Ueyama et al., 1997; Heine et
al., 2005). BDNF, in particular, is reduced in the brain (Chen et al.,
2001; Dwivedi et al., 2003; Karege et al., 2005) and in the blood of
depressed patients (Karege et al., 2002). Interestingly, chronic admin-
istration of antidepressants can reverse this effect and restore BDNF to
its former levels (Aydemir, Deveci, and Taneli, 2005; Gervasoni et al.,
2005; Nibuya, Morinobu, and Duman, 1995; Duman, 1998; Gonul et
al., 2005).

1.3.3 Childhood adversity and inflammation

As previously mentioned, early psychological abuse and neglect
are especially associated with adult depression (Infurna et al., 2016).
An expanding body of evidence (see Kuhlman et al., 2017 for a recent
review) suggests this link might be mediated by long-term alterations
of the HPAA and inflammatory regulation. These might be induced by
its exaggerated activation during childhood and adolescence, which
are especially sensitive times in which the axis is going through major
functional changes (Kuhlman et al., 2017).

Different forms of childhood adversity have been investigated in
this regard. Concerning physical abuse, for example, infants (Bugen-
tal, Martorell, and Barraza, 2003) and children (Kuhlman, Olson, and
Lopez-Duran, 2014) exposed to it show increased cortisol responses
to psychological as well as psychosocial stress (Kuhlman et al., 2015).
Youth exposed to sexual abuse, on the other hand, exhibit elevated
circulating baseline plasma cortisol compared to controls (Simsek et
al., 2015). Negative parenting behaviours involving neglect of the off-
spring are also associated with flat diurnal cortisol slopes throughout
the day in infants (Koss et al., 2014), elevated cortisol during mid-
dle childhood (Ashman et al., 2002; Essex et al., 2002) and impaired
down-regulation of cortisol following peak response to acute psycho-
logical stress (Kuhlman, Olson, and Lopez-Duran, 2014). These im-



pairements appear to persist into adulthood (Nicolson, 2004; Kumari
et al., 2013; Tyrka et al., 2008).

Other studies have investigated the link between these alterations
of the HPAA and inflammatory responses. For example, children ex-
posed to physical maltreatment who also have symptoms of depres-
sion have elevated C reactive protein (CRP) (Danese et al., 2009). Expo-
sure to bullying during childhood and adolescence is associated with
elevated CRP during early (Copeland et al., 2014) and middle adult-
hood (Takizawa et al., 2015). Overall, experiencing multiple types of
maltreatment before adulthood was found to be associated with ele-
vated CRP, fibrinogen, and proinflammatory cytokines (Coelho et al.,
2014).

1.4 conclusions

To sum up, MDD is the most widespread psychiatric disorder and is
characterized by loss of pleasure, depressed mood, sleep disturbances
and anxiety (Ferrari et al., 2013).

It affects females more than men, its incidence increases with age
and it is frequently comorbid with chronic medical conditions, es-
pecially those involving inflammation (Patten et al., 2016). Environ-
mental stressors, such as lower socio-economic status and adverse
life events also increase the risk of developing it (Lorant et al., 2007;
Brown and Harris, 1979).

Biologically, MDD is characterized by deficits in the monoaminer-
gic system, which could explain how the most successful drugs to
treat it so far have been those inhibiting the reuptake of serotonin in
the synaptic cleft. The monoaminergic hypothesis, however, has been
unable to explain the slow onset of medication effects, the wide spec-
trum of disorders for which these are beneficial and contradictory
findings in clinical and preclinical studies on monoamine concentra-
tion in patients’ brains (Nestler, 1998).

Recently, an inflammatory theory of MDD has emerged, which pos-
tulates that chronic dysregulation of the stress hormone axis and in-
creased inflammation might be crucial in the disorder. In particular,
these might reduce the concentration or function of neurotrophic fac-
tors in brain areas that are crucial for emotional regulation, such as
the hippocampus and prefrontal cortex, leading to depressive symp-
toms over time (Miller, Maletic, and Raison, 2009). This theory might
also clarify the increased incidence of MDD among people who are



maltreated during childhood, since early life adversity has been shown
to impair HPAA function and inflammatory regulation.





2
G E N E T I C S O F M A J O R D E P R E S S I O N

As an essential part of research on MDD, many studies have focused
on finding associations between the disease and genetic factors. Ulti-
mately, the goal is to gain a better insight into interactions that might
help define subsets of patients at risk or more likely to respond to
certain therapies.

Genome-wide studies seeking single nucleotide polymorphism (SNP)s
associated with MDD had often negative and at best mixed results,
possibly because of the key importance of environmental factors in
the disorder (see Dunn et al., 2015 for a review). Therefore, the ge-
netic variants associated with MDD for which more evidence is avail-
able are still those obtained from smaller hypothesis-driven studies,
which have targeted genes based on the current pathogenetic theo-
ries.

The first studies of this kind have primarily focused on genes in-
volved in the synthesis of monoaminergic neurotransmitters, such
as the monoamine oxidase A enzyme (MAOA) (Schulze et al., 2000))
and tryptophan hydroxylase (TPH) 1 genes (Gizatullin et al., 2006).
Other studies have also focused on molecules involved in their synap-
tic function, such as their transporters and receptors (Bellivier et al.,
1998; Caspi et al., 2003; Frodl et al., 2010a; López-León et al., 2008).

Later, given the relationship between endocrine stress and depres-
sion (Charney and Manji, 2004), genetic polymorphisms associated
with anomalies of HPAA regulation have also been investigated, such
as those of the FK506 binding protein 51 (FKBP5).

Finally, studies investigated mediators of neuronal plasticity such
as BDNF (Arlt et al., 2013; Lavebratt et al., 2010), compatibly with their
reduced secretion in MDD (Duman and Monteggia, 2006).

A brief overview of the findings from these studies will now be pre-
sented (for a detailed review, see Cohen-Woods, Craig, and McGuffin,
2013).



2.1 monoamines

2.1.1 Monoamine oxidase

The MAOA enzyme plays a role in the degradation of biological
amines, such as serotonin, noradrenaline and dopamine (Syagailo et
al., 2001; Youdim, Edmondson, and Tipton, 2006). Its gene is located
on chromosome Xp11.23-p11.4 (Ozelius et al., 1988; Levy et al., 1989).

Two functional polymorphisms of MAOA have been studied in rela-
tion to depression. The first was a SNP, which was not found to be
associated with the disorder (Sasaki et al., 1998; Kersting et al., 2007;
Zhang et al., 2010) but the second, a variable tandem number re-
peat (VNTR), provided encouraging results (Rivera et al., 2009; Brum-
mett et al., 2007) especially in females (Schulze et al., 2000). Other
studies, even if not confirming this finding, still found a suggestive
role of MAOA genetic variation in depression symptomatology (Chris-
tiansen et al., 2007), although others denied it completely (Kunugi
et al., 1999).

2.1.2 Tryptophan hydroxilase

TPH1 limits the biosynthesis of serotonin (Priestley and Cuello, 1982)
and is coded by a gene mapped to human chromosome 11p15.3-p14

(Craig et al., 1991).
Associations between variants in the A218C (rs1800532) SNP of this

gene and MDD have been reported (Viikki et al., 2010; Wang et al.,
2011) and might play a role in susceptibility and acute response to
treatment (Vadnal, Parthasarathy, and Parthasarathy, 2012). These
findings, however, have not been confirmed at a meta-analytic level
(López-León et al., 2008).

A second SNP in intron 7 of TPH1 has been associated with MDD

(Gizatullin et al., 2006), although this finding was not present in a
similar study published in the same year (Kõks et al., 2006).

TPH2 is a second isoform of the enzyme, located in 12q21 within
a previously reported MDD linkage region (Abkevich et al., 2003). A
very rare mutation associated with functional loss of this enzyme
was found to be associated with MDD (Zhang et al., 2005). After a
failed attempt of replication of these results, however, Glatt et al.,
2005 concluded that this variant is not likely to play a role in the



general MDD population, but might be involved in rare familial forms
of the disorder.

2.1.3 Serotonin transporter

The gene coding for the 5-HTT is located at 17q11.1-q12 and has
a few well-characterized polymorphisms. The first one is situated
at the 5’ flanking regulatory region of the gene, and consists of a
44 base pair insertion-deletion polymorphism, the serotnonin trans-
porter linked polymorphic region (5-HTTLPR) (Heils et al., 1996).

The long and short variants of SNP are associated with different
levels of 5-HTT expression and serotonin reuptake (Lesch et al., 1996).
Meta-analyses assessing the effects of this region across several stud-
ies have returned inconsistent results, with two works confirming the
association between its short variant and MDD (Lotrich and Pollock,
2004; López-León et al., 2008) but others not being able to replicate it
(Anguelova, Benkelfat, and Turecki, 2003; Willis-Owen et al., 2005).

Other studies have investigated another SNP, rs25531 (A/G), which
influences transcriptional activity as part of a haplotype with variants
of the 5-HTTLPR (Nakamura et al., 2000). In particular, a meta-analysis
has reported an association between the less active haplotype with
depression (Kiyohara and Yoshimasu, 2010). The more active variant,
on the other hand, might be predictive of treatment response (Bon-
vicini et al., 2010; Kraft et al., 2005; Ruhé et al., 2009; Smeraldi et al.,
2006). Furthermore, other studies describe even more neighbouring
polymorphisms that might have an impact on the gene’s transcription
(Martin et al., 2007).

A 16/17 bp VNTR in the second intron of 5-HTT has also been investi-
gated (Cowen and Charig, 1987; Kaiser et al., 2001). Some association
studies have shown a link with a 9 repeat variant (Battersby et al.,
1996; Ogilvie et al., 1996; Bozina et al., 2006), but others have contra-
dicted these findings (Kunugi et al., 1999; Furlong et al., 1998). In
any case, meta-analyses have still failed to find a significant associa-
tion between polymorphisms of this region and depression (Furlong
et al., 1998; Anguelova, Benkelfat, and Turecki, 2003; López-León et
al., 2008).



2.1.4 Serotonin receptor

Several classes of the serotonin receptor (5-HTR) have been investi-
gated throughout the years.

Concerning the gene coding for 5-HTR 1A, this sequence is located
at 5aqq.2-q13 (Melmer et al., 1991) and there is little evidence for its
association with MDD (López-León et al., 2008).

On the other hand, 5-HTR 1B maps to human chromosome 6q13, a
region for which linkage to depression and anxiety has been shown
in males (Holmans et al., 2004; Nash et al., 2004). A functional poly-
morphism in this gene has been identified (Maura et al., 1993), but it
has not been found to be associated with MDD in general, although
it might play a role in the most severe forms of the disorder (Huang
et al., 2003).

Studies on the 5-HTR 2A gene (HTR2A) have also been inconclusive,
showing no influence of variations on function (Anguelova, Benkelfat,
and Turecki, 2003; López-León et al., 2008).

The 5-HTR 2C gene on chromosome Xq24 did show a functional
polymorphism (Lappalainen et al., 1995; Quested et al., 1999), but no
convincing evidence for its variants and MDD exists (Lerer et al., 2001;
Kõks et al., 2006).

In the 5-HTR 3B gene, one study could find an association between
a haplotype and MDD, although the finding was limited to japanese
females (Yamada et al., 2006).

Finally, no evidence for association was found for 5-HTR 5A and
HTR6 (Cohen-Woods, Craig, and McGuffin, 2013).

2.1.5 Noradrenaline

Serotonin-norepinephrine reuptake inhibitors (SNRI) are antidepres-
sants that act on the noradrenaline transporter (SLC6A2), which has
been shown to be hypoexpressed in the locus coeruleus of depressed
patients (Klimek et al., 1997).

The gene coding for this protein is located on the chromosome
16q12.2 (Porzgen, Bonisch, and Bruss, 1995). A polymorphism in its
promoter was found to be associated with depression, although stud-
ies did not agree on which variant showed the effect (Inoue et al.,
2004; Ryu et al., 2004). Also, other studies (Owen et al., 1999; Inoue
et al., 2007) and a meta-analysis (López-León et al., 2008) did not find
any results at all for SLC6A2. A potential explanation for the contra-



dictory findings came from a study which re-sequenced the exons in
an ethnic minority group and found a significant link, highlighting
the importance of accounting for genetic variabilities within popula-
tions (Dong, Wong, and Licinio, 2009).

Concerning adrenergic receptors, no association was found between
polymorphisms in their genes and MDD (Ohara et al., 1998; Zill et al.,
2003; Zubenko et al., 2003; Burcescu et al., 2006).

2.1.6 Dopamine

The dopamine transporter has a VNTR in its three prime untrans-
lated region and the 9/10 genotype was found to be suggestively as-
sociated with MDD at the meta-analytic level (López-León et al., 2008).

Concerning dopamine receptors dopamine receptor (DR)D1 and
DRD2, polymorphisms in their genes were not found to be associated
to MDD (Garriock et al., 2006; Kõks et al., 2006; Manki et al., 1996;
Furlong et al., 1998).

One study, however, reported a link with a polymorphism of DRD3
(Dikeos et al., 1999), but this was not replicated by successive investi-
gations (Manki et al., 1996; Garriock et al., 2006).

Finally, in the DRD4 gene, a VNTR has been found to be associated
with depression (Manki et al., 1996) but this finding was shown to be
inconsistent as well (Oruc et al., 1997; Frisch et al., 1999).

2.2 brain-derived neurotrophic factor

The BDNF gene is mapped at 11p13/11p14 (Hanson, Seawright, and
van Heyningen, 1992). Reports have been conflicting but a large case-
control study reported a haplotype association in two independent
samples of MDD and schizophrenia patients with depressive symp-
toms (Schumacher et al., 2005). Subsequent meta-analyses, however,
have produced conflicting results highlighting potential effects of gen-
der and ethnicity (Gratacòs et al., 2007; Verhagen et al., 2010).

2.3 fk506 binding protein 51

Given the hypothesis of an immune response dysfunction in MDD,
recent data have shown an association between the disease and allelic
variants of genes involved in GR regulation. After binding its ligand,
GR acts as a transcription factor, by translocating from the cytosol



to the nucleus and inducing gene transcription. This phenomenon
is mediated by a large molecular complex, involving the chaperones
of heatshock protein 70 (hsp70) and 90 (hsp90) (Pratt and Toft, 1997;
Pratt et al., 2006). This structure is essential for proper folding and
trafficking to the nucleus of the receptor and for its subsequent bind-
ing to the DNA (Grad and Picard, 2007). Thus, alterations in any of
the molecules that are involved in this process may have an impact on
GR sensitivity and, potentially, be candidates for the pathophysiology
of mood disorders.

In particular, the FKBP5 is a 51 kDa protein that acts as an impor-
tant functional regulator of the GR complex (Grad and Picard, 2007;
Pratt and Toft, 1997). It belongs to the peptidyl prolyl isomerase su-
perfamily and to the tetratricopeptide repeat protein (TPR)-containing
immunophilins. FKBP5 is involved in the assembly of the heat shock
protein 90 (hsp90)-steroid receptor complex (Schiene-Fischer and Yu,
2001), acting as a co-chaperone. During the maturation of the com-
plex, FKBP5 binds to hsp90 via a TPR-domain that then serves as a lig-
and site for other co-chaperones. In this conformation, the receptor
complex has lower affinity for cortisol (Wochnik et al., 2005) and its
nuclear translocation is less efficient (Binder, 2009). After the GR has
bound its ligand, FKBP5 is exchanged against another TPR-containing
immunophilin the FK506 binding protein 4 (FKBP4), which then re-
cruits dynein into the complex, allowing its nuclear translocation and
transcriptional activity (Davies, Ning, and Sánchez, 2002; Wochnik et
al., 2005).

In addition to its role in determining cortisol affinity of the receptor,
FKBP5 may also promote the nuclear translocation of its non-active
beta-isoform, thereby decreasing overall GR signalling (Zhang, Clark,
and Yorio, 2008).

The gene encoding FKBP5 is located on the short arm of human
chromosome 6 (chromosome 6p21.31) (Nair et al., 1997) and varia-
tions in its sequence seem to be relevant for GR function. The single
nuclear polymorphism (SNP) rs1360780 in this gene, for example, has
been associated with increased FKBP5 expression and changes in pe-
ripheral FKBP5 mRNA (Binder et al., 2004). These alleles have also
been correlated with a relative inhibition of the binding of cortisol
to GRs in monkeys (Denny et al., 2000; Scammell et al., 2001). This
phenomenon might be responsible for the finding that healthy in-
dividuals who are homozygous for the high-induction alleles show



slower recovery of stress-related increases in cortisol levels and more
anxiety symptoms during recovery (Ising et al., 2008).

Allelic variants in FKBP5 have also been found to be associated with
MDD (Gillespie et al., 2009) and increased risk of developing the dis-
ease (Suzuki et al., 2014), although these results have not always been
repeatable (Lavebratt et al., 2010). SNPs in rs1360780 seem to be espe-
cially involved, with the presence of allele T and genotype TT being
reportedly associated with depression (Lavebratt et al., 2010; Gillespie
et al., 2009). Associations between this SNP and antidepressant treat-
ment responses were also reported, but they were not confirmed at
the metanalytic level (Niitsu et al., 2013). Further studies revealed an
association between the same genotype and MDD in specific patient
cohorts such as gastric cancer patients (Kang et al., 2012) and kid-
ney transplant recipients (Gen S., 2011). It is possible that the effect
of this gene could then become significant towards the development
of the disease following its interaction with a significant amount of
chronic stress, such as the one undergone by gastric cancer patients
(Kang et al., 2012) or victims of childhood abuse (Gillespie et al., 2009),
although other studies have reported no findings in this regard (Shi-
masaki et al., 2014; Van der Auwera et al., 2018). Indeed, other studies
have investigated how interaction between genetic factors and stress-
ful environmental variables such as early life adversity can impact
on brain function and anatomy in depressed patients (Bermingham
et al., 2012; Frodl et al., 2010a). Specifically, a significant association
has been reported between depression, FKBP5 risk allele carrier status
(minor allele T) and an impaired regulation of the endocrine HPA
axis (Menke et al., 2013).

2.4 conclusions

MDD shows high-heritability (Lohoff, 2010). However, most associa-
tion analyses that have been performed investigating polymorphisms
in MDD have so far met with conflicting results, both concerning
genes coding for proteins involved in monoaminergic transmission
and growth factors. This suggests that very large sample sizes might
be required to detect common variations of small effects or the ex-
istence of complex interactions with elements such as ethnicity and
gender (Sullivan, 2012; Cohen-Woods, Craig, and McGuffin, 2013).

The gene coding for FKBP5, a GR regulator protein, could play a
role in HPAA dysregulation and vulnerability to MDD, especially in the



presence of environmental stressors (Flint and Kendler, 2014; Bosker
et al., 2011; Clarke et al., 2010; Cohen-Woods, Craig, and McGuffin,
2013; Gyekis et al., 2013).



3
M A G N E T I C R E S O N A N C E I M A G I N G

3.1 general principles

For a basic introduction to the method, see Currie et al., 2013. In
summary, magnetic resonance imaging (MRI) is a technique based on
the physical principle of nuclear resonance.

Since the methodology itself is not limited to studying the brain,
scanner characteristics can vary greatly according to the procedure’s
purpose. Overall, an MRI scanner comprises a set of main magnet
coils, three gradient coils, shim coils and an integral radio frequency
(RF) coil (Ridgway, 2010).

The main magnet coils, made of a superconducting metal-alloy, are
cooled close to absolute zero, (around 4°K or -269°C) using liquid
helium (Jacobs, Ibrahim, and Ouwerkerk, 2007). These coils generate
a strong constant magnetic field (B0), whose intensity can vary and is
correlated to the final spatial resolution of the acquired images. Low
intensity scanners, for example, are routinely employed in the study
of joints and organs such as the kidneys and heart. In brain imaging,
however, higher intensity magnetic fields are usually needed. For
scanners employed in the clinic, such as those used to detect brain
abnormalities (e.g. tumours or strokes), a field strength of 1.5 T is
usually sufficient. For research purposes, on the other hand, a 3 T
field strength leads to the acquisition of higher resolution images,
which allow accurate discrimination of brain areas to investigate their
structure and function. Some devices currently used in neuroimaging
research can even reach up to 7 T field strength and scanners are
being developed that can reach 8 or 9 T to achieve even better spatial
resolution.

The gradient coils lie concentric to each other within the main mag-
net, along the three orthogonal directions (x, y and z). Each one is
capable of generating a magnetic field in the same direction as the
main one, but with a strength that changes with position along the x,
y or z directions, depending on which gradient coil is used (Currie
et al., 2013).



Shimming coils ensure the static magnetic field homogeneity after
the participant has entered the scanner.

Finally, radio-frequency (RF) coils generate energy of frequency
within the megahertz range and are mounted concentrically inside
the gradient coils. They have two main purposes: to transmit RF en-
ergy to the tissue of interest and to receive induced RF signal back
from it. For neuroimaging, a separate RF receiver coil that is tailored
to maximise the signal from the brain is usually applied around the
patient’s head to detect the emitted MR signals (Jacobs, Ibrahim, and
Ouwerkerk, 2007). The output picked up by the receiver coil is digi-
tised and then sent to a reconstruction computer processor to yield
the final image (Hahn, 1950).

For a schematic representation of how the MR signal is generated,
see Figure 1.

In summary, while being immersed in the strong static magnetic
field generated by the main coils, protons in the patient’s body tend
to align their spin parallel or anti-parallel to it. During this process,
spins acquire a precession movement around the magnetic field’s di-
rection that has a frequency determined by the nuclear species and
the intensity of the magnetic field (Larmor frequency). Then, the par-
ticipant’s body is exposed to a RF pulse having the same frequency
as the Larmor frequency of the protons, disturbing them so that their
spin falls out of alignment with B0. This phenomenon is called mag-
netic resonance (Currie et al., 2013).

After the second field has been administered, it is removed when
the proton spins have reached the desired alignment, so that they
will go back to their original orientation (relaxation), inducing an
electrical current in the receiver RF coil, which is detected (Currie et
al., 2013).

Detection is usually conducted one sagittal slice at the time, so that
the entire brain volume is reconstructed in three dimensions after all
the images have been merged together. The thickness of each slice can
be set, with thinner slices leading to a higher image resolution but a
longer acquisition time for the entire volume. Dimensions of the final
volumetric unit (voxel) of the image will depend on this setting and
will determine its spatial resolution.

According to the radio-frequencies used and to the time at which
the subsequent signal is detected, tailored sequences can be used for
different purposes. Also, it is possible to measure the signal obtained
from the resonance of protons from a great variety of atomic nuclei,



such as sodium, phosphorus, carbon and hydrogen, setting the res-
onance frequency at the appropriate value. However, as a source of
signal, hydrogen is currently used almost exclusively.

3.2 structural magnetic resonance

The first sequences that are almost invariably used in a neuroimag-
ing experiment are the ones that allow the acquisition of a highly
detailed anatomical image of the participant’s brain. For this pur-
pose, two time constants are usually considered of interest after re-
moval of the second magnetic field: the first (time of longitudinal
relaxation (T1)) measures how fast the original magnetization along
the main field’s direction is reinstated, the second (T2) measures how
long it takes for the spins to lose their transversal magnetization com-
ponent.

Free water has a small molecular size and tumbles much too quickly
to be detected at T1, making its T1 relaxation time long (Currie et al.,
2013). Similarly, hydrogen protons bound to large macromolecules
(e.g. membrane lipids) recover their original magnetization state very
slowly. On the other hand, when water is partially bound (e.g. to pro-
teins), its tumbling rate slows to a rate more in line with the Larmor
frequency, making its T1 value much lower than the one of free wa-
ter (Elster, 1994; Smith and Ranallo, 1989). Fat typically has a short
T1 value since the carbon bonds at the ends of the fatty acids have
frequencies near the Larmor frequency (Schild, 1990). Similarly to T1,
tissues have different T2 values: brain, for example, has a shorter T2

than cerebrospinal fluid (Currie et al., 2013).
According to the signal detected in each voxel at T1 and time of

transverse relaxation (T2), it is possible to differentiate the kinds of
tissue that are contained within it and their composition. The end
product of this procedure is a highly detailed image of brain struc-
ture acquired in a 3 dimensional space where every voxel is usually
set to be approximately 1 mm3. Such scans can be employed to as-
sess the grey matter (GM), white matter (WM) and CSF composition of
each voxel in the image to allow its comparison between disease and
control groups (Whitwell, 2009).

After having acquired an accurate anatomical representation of the
participant’s brain, other sequences can be employed to measure its
function in a wide range of experimental conditions or specific struc-
tural characteristics.



Figure 1 – In the presence of a static magnetic field (B0), hidrogen nuclei align their
spin parallel to the field. When they are exposed to a radiofrequency
pulse (RF) at the Larmor frequency, their spins are shifted. When RF is
removed, the spins tumble to their original alignment, allowing for mea-
surement of T1 and T2*. Adapted from Tinaz and Stern, 2004.

3.3 functional magnetic resonance

The technique of functional magnetic resonance imaging (fMRI) uses
the same basic principles of MRI to evaluate the function of an organ
or apparatus. In particular, neuronal fMRI is a technique that can eval-
uate the voxel-wise variations in blood flow in the brain and thus
provide an indirect measurement of its activity.

In physiological brain tissue, local field inhomogeneities affect T2

relaxation times, in which case the constant of the transverse signal
decay is indicated with T2*. This value is affected by the composition
of the local blood supply (Logothetis and Wandell, 2004). In partic-
ular, deoxyhemoglobin (dHb) is paramagnetic (Pauling and Coryell,
1936) and influences the MR signal unlike oxygenated haemoglobin
(Brooks et al., 1975). In the presence of dHb in red cells, the T2 value
decreases quadratically with field strength (Thulborn et al., 1982), but
its effects on T2* are even stronger (Ogawa et al., 1990). Therefore, by
measuring T2* in vivo, it is possible to selectively detect a signal that is
affected by blood oxygenation blood oxygen dependent signal (BOLD).

Upon neural activation, cerebral blood flow is locally increased,
compensating for the decrease in oxygen due to neuronal firing. This
leads to the delivery of an oversupply of oxygenated blood and to an
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Figure 2 – An example of canonical hemodynamic response function. BOLD=blood
oxygen dependent signal.

increase in the BOLD signal (Fox and Raichle, 1986; Fox et al., 1988).
To capture this increment, brain volumes are usually acquired with
a voxel size of 2-4 mm3. The increased voxel size in comparison to
anatomical scans allows to acquire a complete 3D image of the brain
in around 2 seconds, which is sufficient to detect the BOLD response.

During most fMRI experiments, stimuli are delivered to the partic-
ipant at known time points during the acquisition. The BOLD signal
following each experimental event is then compared to a canonical
hemodynamic response function (HRF) (Figure 2), a model curve that
has been shown to be related to increased neuronal activity in brain
regions (Attwell and Iadecola, 2002). By analysing the goodness of fit
of the theoretical HRF model and the actual measured haemodynamic
responses, it is possible to infer the variations of neural activity fol-
lowing the chosen stimuli in each voxel of the whole brain (Glover,
1999).

It is worth noting, however, that delivery of a stimulus is not al-
ways necessary in fMRI studies: many experiments nowadays are con-
ducted in what is defined as “resting state”, in which the patient
simply lies in the scanner with his eyes closed and is not involved in
any kind of task (Biswal et al., 1995; Lowe, Mock, and Sorenson, 1998;
Cordes et al., 2000).



3.4 diffusion magnetic resonance

Diffusion weighted MRI allows the mapping of axon bundles in
brain tissue in vivo (Jones, Knösche, and Turner, 2013; Behrens et al.,
2003; Jones, 2010; Le Bihan et al., 1986; Le Bihan and Breton, 1985).

This is achieved by measuring the dephasing of protons’ spins in
the presence of a spatially-varying magnetic field (“gradient”). De-
pending on the direction of the gradient, nuclear spins will be dis-
placed and their Larmor frequency will be changed. The longer the
protons are allowed to diffuse, the higher the mean squared displace-
ment per unit time of the water molecules in the tissue and the more
molecules will distribute at different distances from their origin. By
comparing the signal with and without the diffusion gradient applied,
the portion of dephasing resulting from motion during the applica-
tion of the gradient can be isolated. This depends on: the distribu-
tion of displacements during the diffusion time along the axis of the
applied gradient, its strength and duration. Since diffusion time, gra-
dient duration and strength are all known, it is possible to obtain a
correlate for the motion of diffusing particles along a particular axis
in space depending on tissue characteristics (Le Bihan and Breton,
1985).

By measuring the diffusion-induced dephasing along several axes
using the same gradient strength, it is possible to estimate the diffu-
sion of hydrogen nuclei in any number of directions whose “tips” lie
on the surface of a sphere (Jones, Knösche, and Turner, 2013). This
measurement reflects the general mobility of water and depends on
temperature, viscosity, presence of large molecules, and, more inter-
estingly, obstacles that water might encounter on its path such as cell
membranes, myelin sheaths and microtubules. Such barriers slow
down or even restrict the movement of diffusing particles (Beaulieu,
2002).

An ellipsoid can then be estimated for each voxel in the image (ten-
sor), whose main eigenvector is the fastest diffusion direction. These
tensors practically represent an surface of diffusion probability along
several direction for the hydrogen nuclei within a voxel (O’Donnell
and Westin, 2011).

Based on the tensor properties, it is possible to calculate voxel-wise
diffusion indexes, such as fractional anisotropy (FA), axial, radial and
mean diffusivity (MD). FA measures the fraction of anisotropic dif-
fusion, which can be thought of as the difference of the tensor el-



Figure 3 – Based on the main tensor eigenvectors (λ) it is possible to obtain measures
of anisotropy, axial, radial and mean diffusivity from each voxel in the
image. Figure adapted from Tromp, D., 2012.

lipsoid’s shape from that of a perfect sphere. Directional diffusivity
measures are obtained by averaging the tensor eigenvectors along dif-
ferent axes (Figure 3).

Voxelwise diffusivity measures are often compared between partic-
ipant groups, since they are influenced by a wide number of tissue
microstructural properties, such as the density, orientation and per-
meability of axons. Furthermore, tensor properties can be employed
to reconstruct continuous fiber pathways and assess structural con-
nectivity between brain regions (Mori and van Zijl, 2002; Mori et al.,
1999; Tournier, Mori, and Leemans, 2011).

3.5 conclusion

MRI is a safe and non-invasive technique that allows the investiga-
tion of the brain in vivo by using powerful magnetic fields.

In particular, by employing tailored sequences, it is possible to
investigate tissue composition of different brain areas, as well as
changes in their blood flow after stimulus delivery or at rest.

Finally, the path of axons and white matter fibre bundles can be
characterized to map structural connections between different brain
regions.





4
M A G N E T I C R E S O N A N C E I M A G I N G O F
D E P R E S S I O N

Magnetic resonance imaging has been employed for many years
to try and investigate MDD pathogenesis and locate biomarkers that
could prove useful in the clinic. Since it is safe and non-invasive,
it has proven invaluable in understanding the alterations of brain
structure and function associated with the disease in vivo.

4.1 structural magnetic resonance and depression

Recent meta-analyses of structural imaging studies have detected
volumetric changes in several brain regions in MDD relative to con-
trols. The most robust finding in the literature was reduced hip-
pocampal volume in patients (Arnone et al., 2012; Campbell and
MacQueen, 2004; Kempton et al., 2011; Schmaal et al., 2016; Vide-
bech and Ravnkilde, 2004), but some reports have also highlighted
a decrease in the volume of dorsolateral prefrontal, dorsomedial pre-
frontal, orbitofrontal cortex (OFC) and cingulate cortices, striatum and
amygdala (Arnone et al., 2012; Bora et al., 2012; Lai, 2013; Sacher et
al., 2012; Kempton et al., 2011). All of these regions are of key im-
portance in regulating emotional responses and behaviour (Drevets,
Savitz, and Trimble, 2008; Ongür, Ferry, and Price, 2003; Frodl et al.,
2010a; Frank et al., 2014).

Involvement of the hippocampus in MDD, in particular, has been
highlighted by several converging findings (see MacQueen and Frodl,
2011 for a review). Firstly, compatibly with the inflammatory hypoth-
esis of the disorder, in this region stress has been shown to reduce
neurogenesis (Thomas, Hotsenpiller, and Peterson, 2007; Pham et al.,
2003) and cell proliferation (Malberg and Duman, 2003; Sapolsky et
al., 1990). Indeed, conditions of chronic hypercortisolemia, such as
Cushing’s syndrome are associated with hippocampal atrophy that is
reversible following normalization of cortisol levels (Starkman et al.,
1999). In a clinical study, smaller hippocampi in MDD patients have
also been found to be associated with increased markers of gluco-
corticoid receptor activation in peripheral plasma (Frodl et al., 2012).



Furthermore, depression is characterized by impaired encoding and
retrieval from episodic memory, both of which are heavily dependent
on this structure (Zakzanis, Leach, and Kaplan, 1998). Finally, hip-
pocampal neurons project to prefrontal cortical regions as well as to
the amygdala, on which they have a regulatory effect (Miller et al.,
2010).

Although hippocampal volume loss might be dependent on patient
age and disease duration (McKinnon et al., 2009; Schmaal et al., 2016),
a meta-analysis of studies in first episode patients revealed significant
hippocampal volume reductions, suggesting that smaller hippocampi
may be a possible risk factor for depression, rather than a marker of
disease progression (Cole et al., 2011). This is in agreement with
longitudinal studies, which reported no significant hippocampal re-
duction in patients, but did show that smaller baseline hippocampus
was associated with poorer clinical outcome (Frodl et al., 2008) and
treatment response (Fu, Steiner, and Costafreda, 2013).

Evidence also suggests that antidepressant treatment (Frodl et al.,
2008) and electroconvulsive therapy might induce an increase in hip-
pocampal volume (Abbott et al., 2014) and that effects of antidepres-
sants might be mediated by increased neurogenesis in the hippocam-
pus (Duman, Nakagawa, and Malberg, 2001; Santarelli et al., 2003).

Another prominent finding in depressed patients is the reduction
in gray matter in the subgenual anterior cingulate cortex (ACC) (Price
and Drevets, 2009; Botteron et al., 2002; Coryell et al., 2005; Drevets
et al., 1997; Hirayasu et al., 1999; Koo et al., 2008). This reduction
has been even observed in young adults at high familial risk for MDD

(Botteron et al., 2002; Hirayasu et al., 1999; Boes et al., 2008) and has
been shown to worsen in time in subjects with psychotic mood dis-
orders (Koo et al., 2008). This deficit seems to be common across
unipolar and bipolar depression, even in the presence of psychosis
(Hirayasu et al., 1999; Coryell et al., 2005; Adler et al., 2007; Haznedar
et al., 2005). In MDD the reduction in subgenual anterior cingulate
cortex (sgACC) volume persists despite successful treatment with an-
tidepressant drugs (Drevets et al., 1997), but chronic lithium med-
ication, which exerts robust neurotrophic effects in animal models,
has been associated with an increase in gray matter volume in treat-
ment responders in this and other prefrontal areas (Moore et al., 2009;
Drevets, Savitz, and Trimble, 2008).



4.2 functional magnetic resonance and depression

By using fMRI, several studies have detected significant differences
between BOLD activity in MDD patients and healthy controls, both
during tasks and in the resting state (see Fitzgerald et al., 2008; Groe-
newold et al., 2013 for metanalyses and Rive et al., 2013 for a review).

Tasks involving the emotional evaluation of stimuli as well as their
cognitive processing have especially been conducted, since they pro-
vide an effective model of some hallmark features of MDD: the in-
ability to shift attention away from the emotional content of a stimu-
lus and the tendency to judge neutral or positive stimuli as negative
(Gotlib and Joormann, 2010; Mathews and MacLeod, 2005).

Overall, emotional processing involves a network comprising sev-
eral brain regions, organised in ventral and dorsal systems (Phillips
et al., 2003b; Phillips et al., 2003a; Phillips, Ladouceur, and Drevets,
2008). The ventral system includes the amygdala, insula, ventral stria-
tum, the ventral portion of the anterior cingulate gyrus and the me-
dial OFC. These areas are especially important to identify the emo-
tional significance of a stimulus and to produce an affective state in
response to it. The dorsal system, on the other hand, regulates the
produced affective state. It includes the hippocampus, the dorsal
anterior cingulate gyrus and dorsal prefrontal cortex (Phillips et al.,
2003b; Phillips et al., 2003a; Phillips, Ladouceur, and Drevets, 2008).

In depressed patients, areas belonging to the ventral system appear
to be overactive during induction of negative emotions and hypoac-
tive during that of positive ones (Fitzgerald et al., 2008; Groenewold
et al., 2013). In particular, the amygdala and striatum have shown
these pattern consistently and have been part of models describing
the neural correlates of emotional dysfunction in depression for a
long time (Leppänen, 2006; Phillips et al., 2003b).

The amygdala is involved in directing attention to both positive
and negative stimuli, in generating a congruous emotional response
to them and in prioritizing their processing in other brain areas (Pes-
soa and Adolphs, 2010; Costafreda et al., 2008; Murray, 2007; Jacobs et
al., 2012; Sander, Grafman, and Zalla, 2003). The ventral striatum, on
the other hand, receives input from and interacts with the amygdala,
but constitutes a central part of the reward circuit and is more often
involved in the processing of positive emotions (Haber and Knutson,
2010). Stronger activation for negative stimuli and weaker activation
for positive ones in these structures might represent a neural correlate



of the deficits of MDD patients in directing attention away from nega-
tive stimuli and in negative interpretation of positive stimuli (Elliott
et al., 2002; Harmer, Goodwin, and Cowen, 2009; Roiser, Elliott, and
Sahakian, 2012; Gotlib and Joormann, 2010; Mathews and MacLeod,
2005). The dorsal ACC also showed an increased response to negative
emotions and reduced activation to the positive ones (Groenewold
et al., 2013). This has led to the suggestion that this region might act
as a link between the frontal and subcortical areas (Mayberg et al.,
1997).

Concerning regions belonging to the dorsal system, these have
mostly shown a lack of activation in response to negative emotional
stimuli in depressed patients (Fitzgerald et al., 2008; Groenewold et
al., 2013). The dorsal prefrontal cortex, in particular, is critical for
top-down modulation of both positive and negative emotional re-
sponses (Drevets, 1999; Drevets, 2007; Drevets, Savitz, and Trimble,
2008) and its reduced activation in MDD has been shown consistently
across several studies (Fitzgerald et al., 2008). It has also been postu-
lated for a long time that a deficit of lateral prefrontal regions might
be involved in the cognitive symptoms of the disorder (Dolan et al.,
1993), as they are more active in healthy controls during working
memory, word generation and planning tasks in which depressed pa-
tients show poorer performance (Murrough et al., 2011).

In addition to the findings relating to the ventral and dorsal sys-
tems, some studies also reported significant differences between pa-
tients and controls in the superior temporal lobe, with negative stim-
uli producing increased activation in this area and positive ones pro-
ducing a reduced one (Fitzgerald et al., 2008; Groenewold et al., 2013).
The superior temporal gyrus plays an important role in emotional
regulation and social cognition (Allison, Puce, and McCarthy, 2000;
Gallagher and Frith, 2003; Lévesque et al., 2003; Olson, Plotzker, and
Ezzyat, 2007) and its volume has been found to be reduced in de-
pressed patients proportionally to symptom severity (Takahashi et
al., 2010).

Finally, posterior cingulate cortex hyperactivity has been shown as
well in response to both positive and negative images in MDD patients
(Fitzgerald et al., 2008). It has been suggested that this region is in-
volved in self assessment and elaboration of emotional content arising
from visual input (George et al., 1995; Vogt, Berger, and Derbyshire,
2003; Vogt, Vogt, and Laureys, 2006) and its differential activation in
MDD patients might indicate an alteration of how these stimuli are



processed. Also, this region is a part of the dorsal default mode net-
work (DMN), a set of regions known to be active in the resting state
and to reduce their activation during tasks (Raichle et al., 2001).

Differences in activity in the DMN in MDD patients in response to
emotional content have been reported in the past (Grimm et al., 2008).
It is unclear, however, whether this finding truly indicates a reduced
deactivation of the network during the task or rather a permanently
increased abnormal resting state activity and a lack of its deactiva-
tion during emotional processing. In line with the latter hypothesis,
Sheline et al., 2009 reported a specific failure in decreasing DMN activ-
ity in depressed patients in response to negative emotional pictures.
DMN regions are thought to be involved in self-inspection and moni-
toring of the internal and external milieu (Buckner, Andrews-Hanna,
and Schacter, 2008; Gusnard et al., 2001; Raichle et al., 2001) and these
are processes that may be overactive in depression, especially in the
form of ruminations (Ray et al., 2005).

To sum up, brain function in major depressive disorder seems to
be associated with hyperactivity during negative affect in ventral pre-
frontal regions such as the cingulate cortex and in subcortical areas
belonging to the limbic system like the insula and hippocampus. The
dorsolateral prefrontal cortex shows hypoactivity in the same condi-
tion, possibly hinting at a deficit of top-down control on affect gen-
eration. Exposure to positive emotional stimuli showed opposite pat-
terns of activation (Figure 4). Differences in regions involved in re-
ward processing, such as the ventral striatum, have been observed as
well. Finally, there is increasing evidence of Default Mode Network
hyperactivity in the disease, which might be involved in the patho-
genesis of ruminations.



Figure 4 – Group differences in activation during emotional processing studies in
the latest meta-analysis. Top row: negative emotions, bottom row: pos-
itive emotions. Red=MDD>HC, blue=HC>MDD. While processing neg-
ative emotions, patients show greater activation of the middle cingulate
cortex (MCC) and inferior temporal gyrus (IFG) as well as reduced left
dorsal prefrontal (DLPFC) activations. Positive emotions elicit increased
activation in patients in the orbitofrontal cortices (OFC) and decreased
activation in the anterior cingulate cortex (ACC), dorsal cingulate (DC),
cerebellum (CRB), insula (INS), striatum (STR) and thalamus (THA),
and left lingual gyrus (LG). Results corrected at pFDR<0.05, MNI space.
MDD=depressed patients, HC=healthy controls, FDR=false detection rate.
Adapted from Groenewold et al., 2013.

4.3 diffusion magnetic resonance

A recent meta-analysis (Liao et al., 2013) has shown that MDD pa-
tients have consistently decreased prefrontal and temporal cortical FA

in specific areas, which might be related to changes in axon direc-
tionality and density both in late life depression (Alexopoulos et al.,
2002; Taylor et al., 2004; Nobuhara et al., 2006; Yang et al., 2007) and
young adults with first disease onset (Li et al., 2007; Ma et al., 2007).
In particular, the fiber tracts affected include the inter-hemispheric fi-
bres running through the genu and body of the corpus callosum, the
right inferior longitudinal fasciculus, right posterior thalamic radia-
tion and the right inferior fronto-occipital fasciculus (Figure 5).

The fibre bundles belonging to the genu and body of the corpus cal-
losum seem to be particularly affected (Liao et al., 2013) and this find-
ing is consistent with that of two other recent meta-analyses (Chen et
al., 2016; Wise et al., 2016). As a whole, these studies suggest that im-



paired prefrontal interhemispheric structural connectivity might be
of key importance in affective disorders. Indeed, as previously de-
scribed, midline perfrontal areas such as the medial prefrontal cortex
and the ACC are central to the current hypotheses on the circuits in-
volved in mood dysregulation and depression (Phillips, Ladouceur,
and Drevets, 2008; Wise et al., 2014).

The inferior longitudinal fasciculus is an associative bundle con-
necting the occipital and temporal lobes. These long fibres connect
visual areas to the amygdala and hippocampus (Catani et al., 2003).
This tract is involved in face recognition (Fox, Iaria, and Barton, 2008),
visual perception (Ffytche, 2008), reading (Epelbaum et al., 2008),
recognition of facial emotion (Kleinhans et al., 2008) and other func-
tions related to language (Vadnal, Parthasarathy, and Parthasarathy,
2012). In depressed subjects this tract, besides showing reduced FA,
shows hyperintensity compared to controls (Sheline et al., 2008). White
matter lesions in the inferior longitudinal fasciculus might interrupt
connections between the occipital cortex and the medial temporal
structures, amygdala, hippocampus, and parahippocampus (Catani
et al., 2003). This might lead to affective valence signals not being
normally transmitted (Sheline et al., 2008).

Similarly, the inferior fronto-occipital fasciculus is a ventral associa-
tive bundle connecting the ventral occipital lobe and the OFC (Catani,
2007). This tract has a role in emotional visual perception (Catani et
al., 2002) and alterations in this process as well as reduced FA in the
tract have been observed in depression (Cullen et al., 2010; Kieseppä
et al., 2010). Interestingly, a reduction in FA values in these tracts
in adolescents at high familial risk for depression before the clini-
cal manifestation of illness was observed, suggesting that reduced FA

might be a vulnerability marker for the disorder (Huang et al., 2011).
The thalamic radiations are connections between the thalamus and

most regions of the cortex, forming a major part of the internal cap-
sule and corona radiata (Liao et al., 2013). The anterior portion of the
internal capsula has been used as a target in deep brain stimulation
for treatment-resistant depression, although the mechanisms through
which this clinical practice achieves its results are unclear (Malone
et al., 2009). It is possible that stimulation in this region might in-
duce positive affective changes by activating the brain dopaminergic
reward system and frontal lobe emotional processing areas (Coenen
et al., 2011; Coenen et al., 2012).



Figure 5 – Left: Decreases in fractional anisotropy were localized in the (A) white
matter of the right frontal lobe, (B) right temporal lobe, (C) left frontal lobe
and the (D) right occipital lobe. Right: Fascicles traversing the right and
left frontal regions were the genu and the body of the corpus callosum (A,
B, C). Fascicles traversing the right fusiform gyrus were the right inferior
longitudinal fasciculus, interior fronto-occipital fasciculus and posterior
thalamic radiation (D, E, F). Fascicles traversing the right occipital region
were the right inferior fronto-occipital fasciculus (G, H, I). Adapted from
Liao et al., 2013.

4.4 conclusions

MDD patients show volume reduction and grey matter loss in re-
gions that are crucial for emotional regulation, in particular the hip-
pocampus and ACC (Arnone et al., 2012).

The function of emotional processing circuits is also affected in de-
pression: areas that are responsible for the generation of negative
emotional responses such as the amygdala are hyperactive, whereas
those involved in inhibitory top-down regulation, such as the dorso-
lateral prefrontal cortex, are hypoactive (Groenewold et al., 2013).

Finally, fibre tracts connecting emotional processing areas with each
other and with primary sensory regions also show structural alter-
ations (Liao et al., 2013).



5
M A G N E T I C R E S O N A N C E I M A G I N G O F
D E P R E S S I O N G E N E T I C S

Throughout the years, several studies have investigated the effect
of allelic variants in functional polymorphisms associated with MDD

on brain structure and function (see Savitz and Drevets, 2009 and
Won and Ham, 2016 for reviews).

5.1 monoamines

5.1.1 Monoamine oxidase

As previously outlined, a VNTR of the MAOA gene has been found
to be associated with depression, especially in females, in particular
in its low activity variant (Schulze et al., 2000).

Healthy individuals carrying the high risk allele of this region
showed a significant volume reduction both in the amygdala (Meyer-
Lindenberg and Weinberger, 2006) and in the entire cingulate gyrus,
particularly in the ACC (Meyer-Lindenberg and Weinberger, 2006).
Some studies found increased OFC volume in controls with the high-
functioning variant of the gene (Meyer-Lindenberg and Weinberger,
2006; Cerasa et al., 2010), but volume reduction in this region was
also reported (Cerasa et al., 2008).

Carriers of the high-risk variant of the VNTR also had increased
hippocampal activation compared to other genotypes during the re-
trieval of negative emotional material (Meyer-Lindenberg and Wein-
berger, 2006) and presentation of emotional faces (Lee et al., 2008).
Similarly, they exhibited increased amygdala and ACC activation dur-
ing anger control (Denson et al., 2014). This hyperactivation was then
followed by an increased functional coupling between the amygdala
and dorsal ACC following the challenge, which was absent in par-
ticipants carrying the low-risk polymorphism (Denson et al., 2014).
Finally, healthy individuals with the low-functioning variant of the
gene showed increased functional coupling between the amygdala
and venteromedial prefrontal cortex (VMPFC) (Buckholtz et al., 2007),
whereas MDD patients carrying the high functioning polymorphism



showed reduced amygdala–dorsal ACC connectivity (Dannlowski et
al., 2009).

5.1.2 Tryptophan hydroxylase

Among healthy controls, carriers of a T allele in the rs4570625 SNP

of TPH2 showed a significantly smaller hippocampal volume (Inoue et
al., 2010). Healthy G allele homozygotes, on the other hand, showed
significantly lower gray matter concentration in the inferior OFC com-
pared to T allele carriers (Yoon et al., 2012).

The T allele of the SNP was associated with greater amygdala acti-
vation in response to emotional faces in a study (Canli et al., 2005).
However, another experiment conducted on an Asian population re-
ported an opposite effect, with G allele homozygotes showing the
highest activation in response to sad facial stimuli and the T allele ho-
mozygotes showing the lowest activation response (Lee et al., 2008).

5.1.3 Serotonin transporter

The long and short variants of 5-HTTLPR have been extensively stud-
ied. MDD patients who are homozygous for the long variant of the
allele show significantly reduced bilateral hippocampal volumes com-
pared to patients homozygous for the short allele. However, healthy
controls carrying the homozygous s variant also show reduced hip-
pocampal volume compared to those carrying the l variant (Frodl et
al., 2004; Frodl et al., 2008).

A possible explanation for these conflicting findings might lie in
environmental variables: patients who carry the s allele and have a
history of emotional neglect develop smaller hippocampal volumes,
compared to those who only have either an environmental or a ge-
netic risk factor (Frodl et al., 2010a). In line with this result, other
studies investigating 5-HTTLPR have shown that the hippocampi of
s allele carriers seem to be especially susceptible to an adverse envi-
ronment (Rabl et al., 2014). In adolescents, increasing copies of this
variant were also found to predict smaller hippocampal volume and
increased risk of developing MDD (Little et al., 2014).

Gender was also reported to influence 5-HTTLPR effects on hippocam-
pal volumes. Price et al., 2013 investigated healthy individuals show-
ing depressive symptoms: female s allele carriers had larger hip-



pocampal volumes, whereas males carrying the same genetic variant
had smaller volumes.

Regarding amygdala volume, findings are still inconclusive: healthy
s allele carriers showed a significant reduction in amygdala volume
(Pezawas and Meyer-Lindenberg, 2010), but another study found s al-
lele homozygous healthy individuals with subclinical anxiety to have
a larger amygdala volume (Cerasa et al., 2014).

In the ACC, particularly its subgenual portion (Pezawas et al., 2005),
healthy individuals carrying the s allele exhibited reduced gray mat-
ter density (Canli et al., 2005; Frodl et al., 2008). The presence of
the s allele also predicted smaller medial OFC volumes in a sample of
adolescents (Little et al., 2014).

Concerning modifications of brain functions, amygdala responses
were faster (Furman et al., 2011) and greater in healthy subjects who
carried the s allele during a wide variety of tasks, such as matching
fearful and angry facial expressions (Hariri et al., 2002; Hariri et al.,
2005), recovering from induced sad mood (Gillihan et al., 2010), ex-
posure to negative words (Canli et al., 2005), threats (Bertolino et al.,
2005), masked emotional faces (Dannlowski et al., 2007), aversive pic-
tures (Heinz et al., 2005) and sad faces (Dannlowski et al., 2010).

In MDD patients specifically, similarly to what was observed in
controls, s allele carriers had increased amygdala activation in re-
sponse to emotional faces (Dannlowski et al., 2007). This amygdalar
hyper-reactivity was especially present in chronic patients, which
suggests that 5-HTTLPR variants might influence disease duration
(Dannlowski et al., 2008). Another study investigated a group com-
posed of MDD patients and healthy controls using a similar task, once
again confirming that s allele carriers showed a greater amygdala re-
sponse regardless of diagnosis (Costafreda et al., 2013).

Overall, current findings point towards an effect of 5-HTTLPR poly-
morphisms on amygdalar responses. Meta-analyses on both healthy
and psychiatric populations confirmed this effect, that may account
for up to 10% of variable amygdala response (Munafò, Brown, and
Hariri, 2008; Murphy et al., 2013).

5-HTTLPR polymorphisms were also shown to affect coupling be-
tween the prefrontal cortex and amygdala. Participants carrying the
s allele showed greater functional connectivity between the two struc-
tures (Friedel et al., 2009; Pezawas et al., 2005; Heinz et al., 2005) and
reduced connectivity between the amygdala and ACC (Pezawas et al.,
2005; Costafreda et al., 2013).



5.1.4 Serotonin receptor

Differences in amygdala reactivity were associated with 5-HTT1A
receptor density (Fisher et al., 2006), prompting the study of its func-
tional rs6295 polymorphism. G allele carriers, compared with C ho-
mozygotes, showed increased amygdala activity in response to emo-
tional faces (Dannlowski et al., 2007) and decreased threat-related re-
activity of this structure (Fakra et al., 2009). These findings, however,
could not be replicated (Lee et al., 2008).

5.1.5 Noradrenaline

Only one study so far investigated the relationship between a poly-
morphism of the noradrenaline transporter gene and morphologi-
cal brain abnormalities in MDD patients (Ueda et al., 2016). Specifi-
cally, the Authors report an interaction effect between diagnosis and
genotype, with the high-risk allele being associated with a reduced
grey matter concentration in the dorsolateral prefrontal cortex in first
episode drug-naïve patients compared to controls with the same geno-
type.

5.1.6 Dopamine

Polymorphisms in the VNTR of the dopamine transporter gene have
been associated with differences in midbrain activation during mem-
ory encoding of visual stimuli (Schott et al., 2006). However, no stud-
ies have been conducted so far to investigate these effects in MDD

patients.

5.2 brain-derived neurotrophic factor

The met allele of a common functional SNP of BDNF is associated
with smaller hippocampal volume whether they are healthy controls
(Pezawas et al., 2004) or belong to various clinical populations includ-
ing depressed, schizophrenics and bipolar patients (Pezawas et al.,
2004; Bueller et al., 2006; Ho et al., 2006; Takahashi et al., 2008; Chep-
enik et al., 2008; Frodl et al., 2007). Concerning healthy people, the
effect of this polymorphism seems to be present especially if they are
exposed to stress (Gatt et al., 2009) or suffering from high level of
neuroticism (Joffe et al., 2009).



The same variant has been shown to be associated with higher
amygdala reactivity in controls (Montag et al., 2008).

5.3 fk506 binding protein 51

Some MRI studies have recently investigated grey matter volume,
white matter integrity and neural responses to stimuli in patients car-
rying high-risk allele variants of the rs1360780 FKBP5 SNP, highlight-
ing structural and functional differences in brain areas involved in
emotional processing. Overall, in patients carrying the T (risk) FKBP5

alleles, compared to those without it, these studies found larger vol-
umes in the amygdala and middle and inferior orbitofrontal gyri (Hi-
rakawa et al., 2016) as well as smaller volumes in the dorsal ACC (Fujii
et al., 2014).

In these participants, white matter integrity was also found to be
altered in the dorsal ACC, posterior cingulum (Fujii et al., 2014; Tozzi
et al., 2015; Fani et al., 2014), insula and inferior frontal gyrus (Tozzi
et al., 2015).

Functional studies showed higher BOLD responses in the amyg-
dala during an emotional face matching task in participants carrying
the high risk allele (Holz et al., 2014), which were also influenced by
exposure to childhood trauma (White et al., 2012).

5.4 conclusions

Most studies have shown that polymorphisms associated with MDD

involve altered responses and structural abnormalities in brain struc-
tures involved in emotional processing, in particular the amygdala,
hippocampus and orbitofrontal cortex (Savitz and Drevets, 2009).

So far, investigations in this regards have met with several chal-
lenges. In particular, sample sizes for imaging studies are usually
low and have therefore difficulties in detecting the small effect sizes
of polymorphic variants. Furthermore, even if overall heritability of
MDD is high, individual polymorphisms are expected to explain only
minor portions of it, so that all high-risk variants should be simulta-
neously considered (Hashimoto et al., 2015).

Currently, the establishment of large-scale imaging collaborative
networks such as the Enhancing NeuroImaging Genetics through
Meta-Analysis (ENIGMA) Consortium has the goal of overcoming



these challenges to provide reliable results on a global scale (Thomp-
son et al., 2014).



6
H Y P O T H E S I S

Overall, from the literature presented it appears clear that no in-
dividual gene can alone explain the symptoms or etiology of MDD.
However, it is possible that variants in specific genes might represent
vulnerability factors that coupled with environmental cues can lead
to depressive symptoms.

Several studies have shown that childhood adversity can be an
especially strong predictor of MDD later in life (Kessler, Davis, and
Kendler, 1997; Heim et al., 1997; Heim, Plotsky, and Nemeroff, 2004;
Teicher et al., 2009; Teicher et al., 2006; Widom, DuMont, and Czaja,
2007). This has been reported for different types of stressors, includ-
ing trauma, adverse events, neglect, aggression as well as physical
abuse (Kessler, Davis, and Kendler, 1997; Rubino et al., 2009; Teicher
et al., 2006; De Marco, 2000; Widom, DuMont, and Czaja, 2007; Angst
et al., 2011; Sugaya et al., 2012).

It is still unclear how exactly adverse experiences might have this
effect, but they have been shown to be associated with structural ab-
normalities in specific brain regions, for whose development early
life might be an especially critical time (Andersen, n.d.; Andersen
and Teicher, 2008; Andersen and Teicher, 2008; Frodl et al., 2016).

Interestingly, chronic stress during childhood also chronically dys-
regulates the HPAA (Weiss, Longhurst, and Mazure, 1999; Paus, Ke-
shavan, and Giedd, 2008; Kaufman and Charney, 2001; Heim et al.,
1997).

The aim of our project was to investigate how genetic predisposi-
tion and childhood adversity might interact to explain structural and
functional brain abnormalities in MDD patients. We expected partic-
ipants with high-risk genetic variants to be more vulnerable to the
effects of an adverse environment during childhood. Therefore, the
combination of these two factors should bring about changes that
would otherwise be undetectable in brain regions associated with
emotional processing and regulation.

As a marker of genetic vulnerability, we chose to focus on the FKBP5

gene, which shows the rs1360780 functional polymorphisms that in-
creases MDD risk (see Chapters 2 and 5). Studies assessing the in-
teraction of high-risk SNPs with environmental stressors have shown



significant results, albeit with small effect sizes (Klengel et al., 2013).
This is also the case of other polymorphisms, such as the ones of
5-HTTLPR, but FKBP5 is directly involved in glucocorticoid receptor
regulation (Grad and Picard, 2007; Pratt and Toft, 1997) and is there-
fore an ideal candidate to explore this interaction, since the effects of
childhood adversity on brain structure and function are thought to
be stress-mediated.

First of all, we investigated which functional changes were associ-
ated with MDD in an fMRI task involving directing attention towards
and away from the valence of emotional stimuli, which had been
previously published by our group (Lisiecka et al., 2012). Recent
findings suggest that brain processes involved in MDD symptomatol-
ogy might include a wide array of regions, especially those belong-
ing to the ventral and dorsal emotion processing networks (Okon-
Singer et al., 2015). During our task, we expected to detect a higher
coupling of ventral regions while participants were focusing on the
valence of pictures shown. While they were trying to ignore their
emotional content, on the other hand, we expected an involvement
of dorsal prefrontal regions. We also hypothesised altered activations
and functional connectivity between these structures in MDD patients
compared to controls. This study was published on “Journal of Affec-
tive Disorders” (Tozzi et al., 2017) and is described in Chapter 11.

Secondly, we investigated whether patients carrying the high-risk
allele of the rs1360780 FKBP5 functional SNP showed differential activa-
tion during our task conditions compared to patients without genetic
risk. We then sought to determine if these changes were mirrored by
structural modifications in the white matter similarly to what was re-
ported by other studies (Fani et al., 2014). Finally, we tested whether
they could be explained by the interaction between genetic risk and
exposure to childhood trauma. We expected early life adversity and
genetic risk to interact and produce structural changes, affecting ar-
eas functionally involved in the disorder symptoms and showing the
strongest effect in patients with both risk factors. This work was pub-
lished in “Neuropsychopharmacology” (Tozzi et al., 2015) and is laid
out in Chapter 12.

Finally, we investigated epigenetic modifications of the FKBP5 gene
in depressed patients and controls. Previous studies have hypothe-
sised that chronic stress might functionally regulate FKBP5 by methy-
lation of its regulatory sites (Tyrka, Ridout, and Parade, 2016; Proven-
cal and Binder, 2015). We tested whether this modification was re-



lated to childhood adversity as well as to reduced grey matter and
altered function in emotional control areas. We expected a lower
FKBP5 methylation to be associated with reduced grey matter and al-
tered activity in these regions. This last analysis is was published in
“Neuropsychopharmacology” (Tozzi et al., 2017) and is presented in
Chapter 13.





Part II

M AT E R I A L S A N D M E T H O D S
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PA RT I C I PA N T S

One of the main focuses of our work was to expand a previously
existing database of 54 MDD patients and 53 healthy controls (HC),
collected between June 2009 and February 2011. Imaging data ac-
quisition for these participants had been conducted at the centre for
advanced medical imaging (CAMI) at St. James’ Hospital, therefore
this dataset will be labelled “CAMI” from here on.

Forty five controls and 61 MDD patients were then subsequently
recruited from December 2013 to January 2016, from which biological
samples and brain scans were collected at the Trinity College institute
of neuroscience (TCIN). From here on, this second dataset will be
labelled “TCIN”.

7.1 recruitment

For the recruitment material including study information, consent
forms and scales see Appendix d.

The study was approved by the Research Ethics Committee for Tal-
laght & St. James’s Hospital and was designed as well as performed
in accordance to the ethical standards laid out by the Declaration of
Helsinki.

Participants were recruited from the mental health services of the
Adelaide and Meath Hospital, incorporating the National Children’s
Hospital and St. James’s Hospital (CAMI dataset) or from the psychi-
atric outpatient clinic at Sheaf House in Tallaght Hospital and from
the Mary Mercer Clinic, Jobstown, Dublin 24 (TCIN dataset). Any
patient presenting with unipolar depression and currently suffering
from a major depressive episode was considered for the study. Exclu-
sion criteria were age <18 or >65, history of neurological or comor-
bid psychiatric disorders including alcohol or substance dependency
(Axis I or Axis II), other severe medical illness, head injury or current
substance abuse.

Psychiatrists and consultants in these sites were informed of the
inclusion and exclusion criteria. After conducting a clinical interview



with a patient, if they considered them suitable for inclusion in the
study, they referred them to the experimenter.

A detailed description of the study was then given to the patient
and written informed consent was obtained if they decided to partic-
ipate. Subsequently, an appointment was arranged at the experiment
site. During the collection of the TCIN dataset, patients were also in-
structed on how to collect saliva samples during the day prior to the
appointment and told to bring the samples with them.

Upon arrival to the site, inclusion and exclusion criteria were as-
sessed again through a structured clinical interview for DSM disor-
ders 1 (SCID-I). Demographic variables were recorded, including age,
sex, marital status, years of education, ethnicity and body mass in-
dex (BMI). Education was standardised according to the European
Qualifications Framework (EQF, https://ec.europa.eu/ploteus/en/c
ontent/descriptors-page) Scales were then administered (see Chapter
8) and a blood sample was collected. The participant was finally in-
structed on the fMRI task before being brought to the MRI facility for
the scan, which was the last part of the experiment.

Healthy controls were recruited through advertisement on the Trin-
ity College Campus and word of mouth. They were considered el-
igible if they had no prior history of mental illness, were medically
healthy, and were not on any medications other than the oral contra-
ceptive pill. Whenever the experimenter was contacted by a potential
healthy control, the same procedure was followed as outlined above.

One control from the TCIN dataset had a sister and a cousin that
were also used as controls for our studies.

For an overview of the demographic characteristics of the CAMI and
TCIN samples, see Table 2.



CAMI Test (p) TCIN Test (p)
HC MDD HC MDD

N 53 53 45 61

Age (years) 36.42± 13.03 41.81± 10.76 t=-2.32 (0.02) 30.78± 10.77 35.39± 13.00 t=-1.94 (0.05)
Sex (F/M) 29/24 33/20 χ2=0.43 (0.55) 30/15 39/22 χ2=0.85 (0.84)
BMI 23.23± 3.26 25.62± 3.88 t=-3.32 (<0.01) 23.57± 3.78 27.08± 8.38 t=-2.49 (0.01)
Smoking (yes/no) 11/42 17/36 χ2=1.74 (0.27) 5/40 23/38 χ2=9.43 (<0.01)
Partnership (single/not single) 28/13 10/23 χ2=10.56 (0.01) 28/17 36/24 χ2=0.53 (0.84)
EQF 7 (2-8) 4.50 (1-7) U=211.50 (<0.01) 7 (2-8) 4 (1-7) U=508.50 (<0.01)
rs1360780 (CC/T*) 22/23 23/24 χ2=0.10(0.95) 12/14 19/25 χ2=2.50 (0.28)

Table 2 – Overview of demographics. Data from the Centre for Advanced Medical Imaging (CAMI) and Trinity College Institute of
Neuroscience (TCIN) are shown. EQF was only available for 39 HC and 28 MDD from the CAMI dataset and from 47 HC
and 59 MDD from the TCIN dataset. rs1360780 could be genotyped only for 45 HC and 47 MDD from the CAMI dataset
and from 26 HC and 44 MDD from the TCIN dataset. For parametric variables, mean and standard deviation are given. For
non-parametric variables, the median as well as minimum and maximum values are given. Statistical tests compare HC and
MDD within each dataset. HC=healthy controls; MDD=depressed patients; BMI=body mass index, EQF=standardized years
of education according to the European Qualifications Framework.
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R AT I N G S C A L E S

For the recruitment material including study information, consent
forms and scales see Appendix d.

Self and observer rated scales were filled out for all participants in-
cluded in the study. Rating scales were used to assess current symp-
tom severity: the Hamilton depression scale (HAMD) (Hamilton, 1986),
Beck depression inventory (BDI) (Beck et al., 1961) and Pittsburgh
sleep quality index (PSQI) (Buysse et al., 1989). The childhood trauma
questionnaire (CTQ) was used to investigate early life adversity (Bern-
stein, D. P and Fink, L., 1998).

8.1 hamilton depression rating scale

The Hamilton Depression Rating scale is a multiple item clinician-
rated questionnaire used to provide an indication of depression sever-
ity in adults by probing mood, feelings of guilt, suicide ideation,
insomnia, agitation or retardation, anxiety, weight loss and somatic
symptoms (Hamilton, 1986).

The version of the scale used in the present study includes 17 items
to be rated, and four other questions that are not rated but are used
to provide additional clinical information. Each item on the question-
naire is scored on a 3 or 5 point scale depending on the item. A total
score of 0-7 is considered normal and scores of 20 or higher indicate
depression.

8.2 beck’s depression inventory

The Beck’s Depression Inventory is a multiple-choice self-report
questionnaire to ensure the severity of depression. It is composed of
items relating to symptoms such as hopelessness and irritability, cog-
nitions such as guilt or feelings of being punished, as well as physi-
cal symptoms such as fatigue, weight loss, and lack of interest in sex
(Beck et al., 1961).

The version used in the present study is updated to a 1996 revision
of the scale (Beck et al., 1996). It contains 21 items, each answer being



scored from 0 to 3. Standardized cutoffs used for depression severity
using this scale are as follows: 0-13: minimal; 14-19: mild; 20-28:
moderate; 29-63: severe.

8.3 pittsburgh sleep quality index

The Pittsburgh Sleep Quality Index is a self-report questionnaire
that assesses sleep quality over the month before administration. The
measure consists of 19 individual items, creating 7 components that
produce one global score. (Buysse et al., 1989).

Each item is weighted on a 0–3 interval scale. The component
scores consist of subjective sleep quality, sleep latency (i.e. how long
it takes to fall asleep), sleep duration, habitual sleep efficiency (i.e. the
percentage of time in bed that one is asleep), sleep disturbances, use
of sleeping medication, and daytime dysfunction due to lack of sleep.
The global PSQI score is then calculated by summing the seven com-
ponent scores, providing an overall score ranging from 0 to 21, where
lower scores denote a healthier sleep quality.

8.4 childhood trauma questionnaire

The Childhood Trauma Questionnaire is a screening tool for histo-
ries of abuse and neglect during childhood. The self-report measures
5 types of maltreatment: emotional, physical and sexual abuse as well
as emotional and physical neglect. A three-item minimization-denial
subscale is also included to check for extreme response bias, specif-
ically attempts by respondents to minimize their childhood abuse
experiences. (Bernstein, D. P and Fink, L., 1998).

The occurrence during his or her childhood of 28 items is rated by
the participant on a 5-point Likert scale which ranges from “Never
True” to “Very Often True”. Scores from the items are then added
according to the subscales, giving a score for each ranging from 5 (no
history of abuse or neglect) to 25 (extreme history of abuse or neglect).
A total score can also be obtained by adding all subscales (except the
minimization-denial one) leading to a total range of 25 to 125.

An overview of the questionnaire data for the two datasets is pre-
sented in Table 3.



CAMI Test (p) TCIN Test (p)
HC MDD HC MDD

N 53 53 45 61

HAMD 2 (0-15) 28 (14-45) U=2808 (<0.01) 0 (0-14) 23 (6-36) U=2741 (0.01)
BDI 2 (0-24) 31 (3-59) U=2773 (<0.01) 1 (0-13) 34 (0-53) U=923 (<0.01)
PSQI 3 (0-15) 13 (4-20) U=2585 (<0.01) 3 (0-9) 13 (4-19) U=2295 (<0.01)
CTQ (total) 30 (25-52) 39 (25-104) U=2091 (<0.01) 27 (25-53) 43 (25-88) U=1972 (<0.01)
CTQ EA 6 (5-20) 8 (5-23) U=1909.50 (<0.01) 5 (5-13) 10 (5-24) U=1885.50 (<0.01)
CTQ PA 5 (5-11) 6 (5-25) U=1840 (<0.01) 5 (5-11) 7 (5-20) U=1659.50 (<0.01)
CTQ SA 5 (5-10) 5 (5-25) U=1809 (<0.01) 5 (5-7) 5 (5-25) U=1448 (<0.01)
CTQ EN 7 (5-16) 10 (5-25) U=2061 (<0.01) 6 (5-13) 12 (5-21) U=1913 (<0.01)
CTQ PN 5 (5-10) 7 (5-17) U=1897.50 (<0.01) 5 (5-14) 6 (5-16) U=1744 (<0.01)
CTQ MD 1 (0-3) 0 (0-3) U=1179 (1.12) 0 (0-3) 0 (0-3) U=1015.50 (0.03)
Medication (none/SSRI/SNRI/other) 14/16/16/7 17/25/11/6

Illness duration (years) 12 (0.25-44) 4.42 (0-56)

Table 3 – Overview of questionnaire scores and medication. Data from the Centre for Advanced Medical Imaging (CAMI) and Trinity
College Institute of Neuroscience (TCIN) are shown. Statistical tests compare HC and MDD within each dataset. For non-
parametric variables, the median as well as minimum and maximum values are given. HC=healthy controls; MDD=depressed
patients; HAMD=Hamilton depression rating scale; BDI=Beck depression inventory; PSQI=Pittsburgh sleep quality index;
CTQ=childhood trauma questionnaire; EA=emotional abuse; PA=physical abuse; SA=sexual abuse; EN=emotional neglect;
PN=physical neglect; MD-minimization/denial; SSRI=selective serotonin reuptake inhibitors; SNRI=serotonin norepinephrin
reuptake inhibitors; other=anti-psychotic, gabapentin or agomelatine





9
B I O L O G I C A L S A M P L E S

For each participant, blood samples were collected, to assess in-
flammatory profile and HPAA genetics.

Inflammatory markers were analyzed in the Trinity College Insti-
tute of Neuroscience under the supervision of Prof. Veronica O’Keane
and Prof. Andrew Harkin. Results of these analyses are beyond the
scope of the current work and will not be presented.

Genetic polymorphisms of FKBP5 were assessed through a collabo-
ration between Prof. Frodl and the Department of Genetics of Trinity
College Dublin (Dr. Derek Morris, Prof. Michael Gill). Methylation of
the intron sites of the gene was investigated through a collaboration
with the University of Montreal, Canada (Dr. Linda Booij).

9.1 paxgene whole blood

Collection of 2.5 ml of blood was performed into PAXgene DNA
tubes. Filled PAXgene tubes were stored at room temperature (20°C)
for 48 hours, moved to -20°C for 48 hours and finally to -80°C in order
to gradually reduce temperature. Labelled tubes were stored at -80°C
until DNA extraction was performed.

9.2 fkbp5 polymorphism

rs1360780 was genotyped from blood in this sample using a Taq-
man® SNP Genotyping Assay on a 7900HT Sequence Detection Sys-
tem (Applied Biosystems). The call rate for the Taqman genotyp-
ing was >95% and all samples were in Hardy-Weinberg equilibrium
(p>0.05). Along with the test samples, a number of HapMap CEU
DNA sample positive controls (www.hapmap.org) and non-template
negative controls were genotyped for quality control purposes. For
positive controls, all genotypes were found to be concordant with
available online HapMapdata.



9.3 fkbp5 epigenetics

Genomic DNA was extracted from whole blood samples, which
had been collected into PAXgene Blood DNA Tubes (IVD) using the
Flexigene DNA Blood Kit (Qiagen) following the manufacturer’s rec-
ommended protocol.

DNA quantity and quality was assessed using the NanoDrop 2000

spectrophotometer and Qubit 2.0 flurometer (Thermo Scientific). 1µg
genomic DNA was bisulfite-treated using the EZ DNA Methylation™
Kit (Zymo Research) following the manufacturer’s recommended pro-
tocol.

A 341 bp fragment corresponding to our region of interest in the
FKBP5 gene intron 7 was amplified by polymerase chain reaction (PCR)
using 20 ng of bisulfite-converted DNA. The PCR reaction used 0.65

U EpiMark® Hot Start Taq DNA Polymerase (New England Biolabs®
Ltd.) in the provided reaction buffer, 0.2 mM dNTPs and 0.2 µM of
the following primers: FKBP5-in7_F: 5’-TGGGATAATAATTTGGAGT
TATAGTGTAGG-3’ and FKBP5-in7_R: /5Biosg/AAATTTATCTCTTA
CCTCCAACACTAC-3’ (IDT Inc.).

The PCR cycling conditions were as follows: 95°C for 1 min followed
by 45 cycles of 95°C for 30 seconds, 59°C for 1 minute and 68°C for 1

minute with a final extension of 5 minutes at 68°C.
The PCR products were sequenced using the PyroMark Q96 plat-

form (Qiagen) following the manufacturer’s recommended protocol
using the CFI Imaging and Molecular Biology Platform at McGill Uni-
versity in the Department of Pharmacology and Therapeutics.

The following sequencing primers were used: FKBP5_S3A: ATTTTT
GTGAAGGGTATAATT and FKBP5-in7_S67: A5’-GTTGATATATAG
GAATAAAATAAGA-3’ (IDT Inc.) to assess CG-6 and CG-7 follow-
ing the numbering of Resmini et al., 2015, which correspond to Bin3,
CG1-2 called by Klengel et al., 2013. Percentage methylation levels
and quality control were analyzed using PyroMark CpG Software
1.0.11 (Qiagen). The average methylation level of two independent
runs were used at each CG-site in the analyses.
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M A G N E T I C R E S O N A N C E I M A G I N G

Magnetic resonance images were obtained with a Philips Achieva 3

Tesla MRI scanner at both the CAMI (8 channel receiver coil) and TCIN

(32 channels receiver coil) sites.
For detailed sequence parameters, see Appendix e for the CAMI

dataset and Appendix f for the TCIN dataset.

10.1 acquisition

10.1.1 T1 MRI

To assess volume and cortical thickness of brain regions in all our
subjects, we collected a high-resolution 3D T1-weighted structural
dataset.

For the CAMI dataset, sequence parameters were as follows: 160

axial high-resolution T1-weighted SPGR slices time of repetition (TR):
8.5 ms, time of echo (TE): 3.9 ms, in-plane resolution: 1 ∗ 1 mm2, slice
thickness: 1 mm, flip angle: 8°.

In the TCIN dataset, sequence parameters were as follows: 180 axial
high-resolution T1-weighted SPGR slices TR: 8.4 ms, TE: 3.8 ms,in-
plane resolution: 0.898∗0.898mm2, slice thickness: 0.9 mm, flip angle:
8°.

10.1.2 Functional MRI

After the structural scan, an fMRI task was run. For the CAMI

dataset, acquisition parameters were as follows: spin echo type echo
planar imaging (SE-EPI) sequence, 550 dynamic scans, TR: 2000 ms, TE:
35 ms, in-plane resolution: 3 ∗ 3 mm2, slice thickness: 4.8 mm.

In the TCIN dataset, sequence parameters were as follows: SE-EPI

sequence, 550 dynamic scans, TR: 2000 ms, TE: 25 ms, in-plane resolu-
tion: 3 ∗ 3 mm2, slice thickness: 3 mm.



10.1.3 Functional MRI task

The same task was run at both sites. Its goal was to investigate
the activity of brain regions involved in voluntary emotion regula-
tion. Participants were asked to process visual stimuli projected on
a screen behind them and viewed by a mirror placed in front of
their eyes. The task was event-related and consisted of 180 pseudo-
randomized trials. The trial order was the same of all subjects. Each
trial consisted of a fixation cross of jittered duration (mean: 1.5 s,
range: 1-1.8 s), followed by a viewing stage in which positive, neg-
ative or neutral rectangular pictures from the international affective
pictures database (IAPS) were shown for 2 seconds. One and a half sec-
onds after seeing the picture, participants were either asked to focus
on the shape of the picture and answer whether this was horizontal
or vertical or had to answer a question about its valence (positive,
negative or neutral). Participants did not know beforehand which
question would be asked and could not respond until the question
was shown. From here on, we will label the first type of trial shape
recognition trials (SRT) (Figure 6 A) and the second emotion recogni-
tion trials (ERT) (Figure 6 B). The same amount (30) of ERT and SRT was
delivered for each of the three valences (positive, negative, neutral).
Standardized training outside of the scanning preceded performing
the task.

Figure 6 – Two types of trials used in the task. A. Shape recognition trial: a
picture with negative emotional valence is followed by a question
about its shape. B. Emotion recognition trial: a picture with nega-
tive emotional valence is followed by a question referring to said
valence. Both pictures are preceded by a fixation cross. Adapted
from Lisiecka et al., 2012.



10.1.4 Behavioural task analysis

In our studies, to parsimoniously assess valence, trial type and di-
agnosis effects across all our behavioural measures, which were re-
peated within-subject, we investigated these data using generalized
estimated equations as implemented in SPSS 22 (IBM).

Thus, we entered in one comprehensive linear scale model the num-
ber of hits for each condition and the following independent variables:
trial type and valence (within-subject factors), diagnosis, age and sex
(between-subject factors). In studies investigating the rs1360780 SNP

of FKBP5 (Chapters 12 and 13), we also added it as a between-subject
factor (T* or CC).

Dependent variables were number of hits and reaction times, re-
spectively. In each model we tested for the main effects of each vari-
able and all interactions between diagnosis, valence and trial type.

If significant interactions were detected, each valence and trial type
was then also explored individually.

10.1.5 Diffusion magnetic resonance

To assess integrity and shape of white matter fibers, a diffusion
weighted scan was then performed with 61 diffusion directions at
both sites.

For the CAMI dataset, acquisition parameters were as follows: sense
encoding (SENSE) sequence with b-weight of 1200, 60 slices, TR: short-
est ms, TE: 59 ms, in-plane resolution: 1.88 ∗ 1.88 mm2, slice thickness:
2.10 mm.

In the TCIN dataset, sequence parameters were as follows: SENSE

sequence with b-weight of 1500, 65 slices, TR: shortest, TE: shortest,
in-plane resolution: 2 ∗ 2 mm2, slice thickness:2 mm.

10.2 data processing

All analyses were conducted using MATLAB® (MathWorks), ver-
sion R2014a (8.3.0.532) running on a iMac (21.5-inch, Late 2013). Com-
puter specifications were: processor: 2.9 GHz Intel Core i5; memory:
8 GB 1600 MHz DDR3; graphics: NVIDIA GeForce GT 750M 1024

MB.



10.2.1 Structural MRI

Structural data was processed with statistical parametric mapping
12 (SPM12) (http://www.fil.ion.ucl.ac.uk/spm) and with the compu-
tational anatomy toolbox 12 (CAT12) , http://www.neuro.uni-jena.d
e/vbm/download/). CAT12 provides a set of functions that expand
those of SPM12 to perform voxel-based morphometry (VBM) on struc-
tural MRI images, returning the voxel-wise estimation of the local
amount or volume of grey matter (Ashburner and Friston, 2005).

The segmentation pipeline of CAT12 was run on all T1 images us-
ing default parameters to obtain Montreal neurological institute (MNI)
normalized and modulated structural segmented data for all subjects.
In detail, this procedure is based on an adaptive maximum a posteri-
ori technique. In comparison with the unified segmentation approach
suggested by Ashburner and Friston, 2005, CAT12 uses tissue proba-
bility maps only to spatially normalize the images to standard MNI

space.
These maps are available within SPM12 and are provided by the

International Consortium for Brain Mapping (http://www.loni.ucla
.edu/ICBM/ICBM_TissueProb.html). They are derived from 452 T1-
weighted scans, which were aligned with an atlas space and corrected
for scan inhomogeneities. All voxels from these structural images
were classified into grey matter, white matter, cerebro-spinal fluid,
bone, non-brain soft tissue and air outside of the head and in nose,
sinus and ears. These data were then affine registered to the MNI
space and down-sampled to 2 mm resolution. Prior probability maps
were finally generated by averaging tissue classes over subjects. The
final images give the prior probability of any voxel in a registered
image being of any of the tissue classes irrespective of its intensity.

The algorithm used by CAT12 employs these tissue probability maps
for the initial spatial transformation to MNI space using a mutual in-
formation affine regularisation to estimate a nonlinear deformation
field that best overlays the probability maps on the individual sub-
jects’ images (D’Agostino et al., 2004). Local variations of the parame-
ters (i.e. means and variance) are also modelled as slowly varying spa-
tial functions to account for inhomogeneities or other local variations
of intensity (Rajapakse, Giedd, and Rapoport, 1997). This normaliza-
tion is then perfected by the use of DARTEL (Ashburner, 2007), an
algorithm for diffeomorphic image registration that uses a template



derived from 555 healthy control subjects of the IXI-database (http://
www.brain-development.org).

After the initial segmentation into three pure tissue classes (GM,
WM, CSF), CAT12 then uses a partial volume estimation with a sim-
plified mixed model of two additional mixed classes: GM-WM and
GM-CSF (Tohka, Zijdenbos, and Evans, 2004). This results in an esti-
mation of the amount (or fraction) of each pure tissue type present in
every voxel (as single voxels probably contain more than one tissue
type) and thus provides a more accurate segmentation. Since spatial
normalisation expands and contracts some brain regions, a modula-
tion procedure is also performed to scale by the contraction, so that
the total amount of grey matter in the final images remains the same
as it would be in the original ones (see Figure 7 for an example of
segmentation of one of our datasets).

Figure 7 – Example of segmentation performed by CAT12. The original structural
scan (left) was segmented and warped into standard Montreal Neurologi-
cal Institute space, returning an image showing the amount of gray matter
in each voxel (right).

Warping fields for the forward transformation to MNI space were
saved to be applied to the functional data of each corresponding sub-
ject. We also estimated total intracranial volume (TIV) and saved it for
each subject to be used as a covariate in subsequent VBM analyses.

Quality control was performed as provided in CAT12 by displaying
a slice for all segmented images and checking data homogeneity. The
latter is computed based on the correlation between all images and
the mean across subjects for each image: the smaller this correlation,
the more a subject deviates from the sample mean.



10.2.2 Functional MRI

Functional data was processed using SPM12 (http://www.fil.ion.u
cl.ac.uk/spm). The first pre-processing step conducted was realign-
ment of the scans to the time series mean image to correct for mo-
tion. The routine uses a least squares approach and a 6 parameter
rigid body spatial transformation. As output, it returns the realigned
images and a set of parameters showing the offset of each scan com-
pared to the mean along 3 translation and 3 rotation axes.

After this step, movement parameters of subjects were inspected
and participants were excluded when movement exceeded 3 mm or
3 °in any direction. For motion between 2 and 3 mm, subjects were
excluded if they presented movement spikes rather than a slow drift
pattern (Figure 8).
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Figure 8 – Example of movement parameters as returned by SPM12 after realignment. The subject shown on the left side showed minimal motion
along all directions during the 550 scans and was included in the functional analysis. The subject shown on the right side, on the other
hand, was removed.



Then, differences in image acquisition time between slices were
corrected so that each volume could be modelled as being acquired
simultaneously. Since volumes are measured one slice at a time, with-
out correction the data on one slice would represent a point in time
removed from that of other slices. The slice timing routine in SPM12

“shifts” a signal in time to provide an output vector that represents
the same signal sampled starting either later or earlier. This is accom-
plished by adding a constant to the phase of the sines that make up
the signal after a Fourier transform, effectively realigning the data in
time.

After this step, functional images were coregistered to their struc-
tural counterparts using an affine transformation similarly to what is
described in Collignon et al., 1995. After this step, normalization to
standard MNI space was conducted in SPM12 using the tissue proba-
bility maps provided in the toolbox in accordance to (Ashburner and
Friston, 2005). For our study including a VBM analysis, it was possible
to directly use the deformation fields computed for the transforma-
tion of the structural scans as described above to warp the functional
data to standard MNI space.

Finally, whenever the functional data was used for whole-brain
analysis, it was smoothed with a Gaussian kernel of width 8 ∗ 8 ∗ 8 to
suppress noise, improve the normality of its distribution and reduce
effects due to residual differences in functional and gyral anatomy
during inter-subject averaging.

For the statistical analysis of our fMRI data we used a mass univari-
ate approach based on a general linear model (GLM). In SPM12, the
procedure involves the specification of a GLM design matrix, filter-
ing, estimation of GLM paramaters and finally interrogation of results
using contrast vectors to produce statistical parametric maps.

Overall, the design matrix defines the experimental design and the
nature of hypothesis testing to be implemented. It has one row for
each scan and one column for each effect or explanatory variable (e.g.
regressor or stimulus function). Expected responses are modelled by
convolving the onset time and duration of a stimulus with a basis
function that models the brain canonical haemodynamic response to
it, such as the one depicted in Figure 2.

In SPM12, analysis of data from multiple subjects typically proceeds
in two stages. The “first level” models are used to implement a
within-subject analysis. To make inferences about the population
from which the subjects were drawn, a mixed-effects analysis is then



implemented using the “summary-statistic” approach where contrast
images from each subject are entered as data into a “second level”
model.

After running our second level models, smoothness of the data
was assessed by use of the SPM12 results window output, to assess
compatibility with the assumptions of random field theory, which
allow cluster-wise multiple comparisons correction as implemented
by the software (Chumbley and Friston, 2009; Chumbley et al., 2010).

First and second level models used in our experiments will be pre-
sented in detail in each dedicated chapter.

10.2.3 Psychophysiological interaction

To analyse brain functional coupling between brain areas during
our task conditions, we employed generalized psycho-physiological
interaction (gPPI) as implemented by the gPPI toolbox (McLaren et al.,
2012).

The term psycho-physiological interaction (PPI) refers to the idea
of explaining responses in one cortical area in terms of an interaction
between the influence of another region and some experimental task-
related parameter (Friston et al., 1997). First of all, the mean time-
series of the BOLD signal in a seed region is extracted. Then the onset
times of the stimulus of interest are convolved with the canonical HRF

as in the standard GLM procedure to obtain a representation of the ex-
pected brain responses to the event. Subsequently, a PPI regressor is
generated as the element-by-element product of the HRF convolved
task vector and seed region of interest (ROI) timeseries (Figure 9).

Once these regressors have been obtained, a GLM analysis is run in
which the variable of interest is the interaction term. The seed time-
series and the expected brain response to the stimulus are entered
as covariates of no interest in this analysis, in order to isolate areas
that show increased coupling only during the condition of interest
compared to all other conditions.

Compared to standard PPI procedures, gPPI provides a way to au-
tomatically accommodate more than two task conditions in the same
PPI model (McLaren et al., 2012).



Figure 9 – To generate a PPI regressor, first (a) the stimulus exposure (dashed line) is
convolved with a canonical hemodynamic response function (HRF, black
line). Then, (b) a time course from a seed region of interest is extracted
(blue line). If this region of interest is active during the task, this vector
will be correlated with the HRF convolved task regressor. (c) The PPI
regressor (red line) is the product of the HRF convolved task (black line)
and seed ROI (blue line) regressors. Adapted from O’Reilly et al., 2012.

10.2.4 Diffusion magnetic resonance

Data were pre-processed and analysed using ExploreDTI (http://
www.exploredti.com).

First of all, motion correction was applied to all data, aligning all
diffusion-weighted volumes to the first non weighted one (Leemans
and Jones, 2009). Two sources of noise in the image were then taken
into account: eddy currents and echo planar imaging (EPI) distortions.

Eddy currents are circular electric phenomena induced within con-
ductors by a changing magnetic field in the conductor, due to Fara-
day’s law of induction. During the acquisition of diffusion images
they might cause shear, false fiber tracking, enhanced background,
image intensity loss, and image blurring. These distortions depend
on the orientation of the gradients used, this is why ExploreDTI takes
this information into account to correct the images for eddy current-
induced image distortion (Leemans and Jones, 2009; Rohde et al.,
2004).

EPI distortion is caused by inhomogeneities in the applied magnetic
field. An inhomogeneous magnetic field results in geometric distor-
tion and loss of signal in the diffusion images. ExploreDTI is able to
use the structural T1 image of each subject to unwarp the diffusion
data, thus correcting for this effect (Irfanoglu et al., 2012).

After pre-processing, we reviewed the diffusion tensor imaging
(DTI) data by visually inspecting the slice images ensuring that trans-



lational head movement during scanning was less than 3 mm in all
directions.

Diffusion tensor estimation was conducted with a robust non-linear
approach: REKINDLE, that takes into account the influence of out-
liers on the tensor model estimates (Tax et al., 2015). Then, we used
the “extract diffusion measures from atlas labels” tool in ExploreDTI,
which performs a non-linear registration of each subject’s image into
standard space and defines regions for it based on the automatic
anatomical labeling (AAL) atlas (http://qnl.bu.edu/obart/explore/
AAL/). These are then warped back into subject space and used for
the extraction of diffusion measures from the original images for each
subject.

All figures were drawn using BrainNet viewer (Xia, Wang, and He,
2013).
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F M R I O F E M O T I O N R E C O G N I T I O N A N D
R E G U L AT I O N

11.1 background

As previously briefly mentioned in Chapter 4, over the past decade
several hypotheses have emerged concerning how cognitive process-
ing of emotion takes place (see Ochsner and Gross, 2005; Ochsner,
Silvers, and Buhle, 2012; Dolcos, Iordan, and Dolcos, 2011; Rive et al.,
2013 for reviews). In particular, Phillips et al. have identified two
groups of regions that are thought to play a major role in this pro-
cess and labelled them the ventral and dorsal systems (Phillips et al.,
2003a).

The ventral system comprises the amygdala, insula, ventral stria-
tum, ventral ACC, as well as the VMPFC and OFC. The dorsal sys-
tem, on the other hand, includes the hippocampus, dorsal anterior
cingulate cortex (dACC), dorsomedial prefrontal cortex (DMPFC) and
dorsolateral prefrontal cortex (DLPFC). The ventral system appears
to be involved in identifying emotionally salient stimuli and gener-
ating an appropriate affective state, whereas the dorsal system plays
a role in the voluntary top-down regulation of emotional responses
(Ochsner and Gross, 2005; Phillips et al., 2003b; Phillips et al., 2003a).

In an attempt to model how regulation of emotion takes place, a
fundamental distinction has been made between voluntary and auto-
matic (or implicit) processes (Rive et al., 2013). Automatic processing
is thought to involve predominantly the medial prefrontal cortical
structures, such as the dACC, sgACC), OFC, DMPFC and VMPFC, but also
the hippocampus and parahippocampal gyri (Hamilton et al., 2012;
Phillips, Ladouceur, and Drevets, 2008). Voluntary processes, on the
other hand, appear to recruit lateral prefrontal cortical regions (Rive
et al., 2013).

Beside the distinction between automatic processing and volun-
tary regulation, it is also necessary to take into account the strategy
that is employed. Overall, three main mechanisms can be identified
and each involves automatic and voluntary processing: behavioural,
cognitive and attentional control. Behavioural control involves alter-



ing a response to emotion or its expression. Cognitive control alters
the emotional meaning of salient stimuli through mechanisms such
as reappraisal and expectancy, whereas attentional control refers to
the engagement or disengagement of attention to emotional stimuli
(Phillips, Ladouceur, and Drevets, 2008).

MDD features both incongruent generation and interpretation of
emotion (Bylsma, Morris, and Rottenberg, 2008) and an impaired abil-
ity to engage effective regulation of emotional responses (Rive et al.,
2013; Gotlib and Joormann, 2010). This is why many paradigms have
been used to assess differences in the brain regions recruited by all
these processes between HC and MDD patients (see Rive et al., 2013 for
a review). In particular, MDD often features an attentional deficit and
biased allocation to negative stimuli (Murrough et al., 2011). Conse-
quently, many studies have been conducted specifically investigating
attentional control, analysing the neural correlates of both its auto-
matic and voluntary modalities.

During automatic processing, findings have indicated increased ac-
tivity in MDD patients in medial prefrontal regions (DMPFC and ACC).
This was found mostly in tasks involving the regulation of negative
emotions compared to other valences (Eugène et al., 2010; Etkin, Eg-
ner, and Kalisch, 2011; Canli et al., 2004). Moreover, increased con-
nectivity between some of these regions and the amygdala were de-
tected in patients with MDD compared to controls (Almeida et al.,
2011). Studies also reported that patients show a compensatory re-
cruitment of parietal and lateral prefrontal regions while redirecting
attention away from interfering emotions (Bertocci et al., 2012; Frodl
et al., 2009), although overall findings remain mixed and potentially
biased by treatment effects (Chen et al., 2007; Fales et al., 2009; Rive
et al., 2013).

Concerning voluntary attentional control, studies have shown in-
creased venterolateral prefrontal cortex (VLPFC) activity in patients
(Dichter, Felder, and Smoski, 2009; Elliott et al., 2002; Wang et al.,
2008) and stronger effective connectivity between medial structures
(such as the sgACC) and the amygdala (Carballedo et al., 2011; Almeida
et al., 2011), although Matthews et al., 2008 report decreased connec-
tivity between these structures correlated with depression severity.
Findings regarding the involvement of DLPFC have once again been
mixed, showing increased (Dichter, Felder, and Smoski, 2009; Fales
et al., 2009; Townsend and Altshuler, 2012), decreased (Wang et al.,
2008) or similar activity compared to controls (Townsend et al., 2010).



Overall, the most effective paradigms in highlighting differences
in attentional control of emotion between HC and MDD so far have
been the ones involving automatic processing. Findings in voluntary
paradigms are not unequivocally conclusive, possibly due to reduced
sample sizes, clinically heterogeneous samples and differences in task
designs (Rive et al., 2013).

So far, few studies have assessed the influence of brain areas di-
rectly activated by emotional regulation and recognition on other re-
gions in a network-based approach. Indeed, recent findings suggest
that cognitive control of emotion is modulated by a dynamic interplay
of systems that may often overlap and influence each other and that
to advance our understanding of psychiatric disorders more knowl-
edge is needed about the functional networks involved (Okon-Singer
et al., 2015). Overall, during emotional tasks, MDD patients have been
reported to show connectivity alterations between regions involved
in emotional responses, such as the sgACC (Hall et al., 2014) and the
insula (Henje et al., 2015) with a wide array of brain areas, includ-
ing ones belonging to the ventral and dorsal emotional regulation
complexes, but also to the default mode network and visual system.
These findings suggest that emotional processing alterations in these
patients might involve a complex interplay between different func-
tional networks.

Our goal was to investigate the functional behaviour in brain net-
works recruited during emotion recognition and regulation in MDD

patients and healthy controls. To do this, we employed the task used
in previous work from our group (Lisiecka et al., 2012), which re-
quired participants to either evaluate the valence of salient stimuli
or to shift their attention away from them by assessing their shape
(voluntary attentional regulation of emotion). We identified which re-
gions were recruited in each of the trial types and which other regions
were influenced by their activity using a gPPI approach (see Chapter
10 for a detailed description). Finally, we investigated if the responses
and networks recruited were different between controls and MDD pa-
tients.

We hypothesised an increased recruitment of dorsal and lateral pre-
frontal cortical regions across subjects during the trials involving vol-
untary attentional shift and a primary involvement of medial pre-
frontal regions in valence recognition ones, as an expression of un-
hindered emotion generation and interpretation. Also, we expected



functional connectivity changes of these regions with areas involved
in the generation of affect such as the amygdala and ventral striatum.

We thought that patients, if exposed to emotional stimuli, would
show altered responses in medial prefrontal regions, amygdala, in-
sula and DLPFC. Finally, we believed these regions would also show
abnormalities in functional connectivity in patients compared to con-
trols.

11.2 materials and methods

11.2.1 Sample

The study was run on a subset of the TCIN dataset (see Chapter 7).
It included 42 adult patients with MDD and 37 HC subjects (Table 4).

11.2.2 Rating Instruments

Self and observer rated scales were also filled out for all partici-
pants (see Chapter 8 for details).

As measures of clinical severity, the HAMD (Hamilton, 1986) and
BDI (Beck et al., 1961) were used.

11.2.3 fMRI analysis

See Chapter 10 for details on the fMRI sequence and task employed.

11.2.3.1 Preprocessing

Data was analysed with SPM12 and preprocessed as described in
Chapter 10.

After the motion correction step, 8 patients and 2 controls were
excluded. Then co-registration of each participant’s structural image
to the mean of the motion corrected functional images, slice time
correction, spatial normalization and smoothing using an 8 mm full-
width at half maximum (FWHM) Gaussian kernel were applied.

11.2.3.2 First level analysis

The regressors entered in the first-level GLM analyses were the 6

time vectors of the questions’ onsets and the 6 motion regressors.
Then, t-test contrasts were calculated as follows:



1. SRT versus ERT

2. Negative trials versus neutral

3. Positive trials versus neutral

4. Interaction between trial type and valence (2 contrasts)

11.2.3.3 Second level analysis

Age and sex were used as covariates for all second level tests.
To assess the main effect of SRT versus ERT regardless of diagnosis,

we ran a one-sample t-test of the SRT versus ERT contrasts (1) of all
subjects from the first level analysis. To test for an interaction effect
between group and trial type, we used the same contrast (1), but
ran a 2 independent samples t-test instead, comparing patients and
controls.

To assess the effect of valence, we ran a factorial model with 2 non-
independent levels. Each of the valence effects contrast maps (2, 3)
was entered into the model. We proceeded in the same way to test
for effects of the interaction between valence and trial type across
subjects, using contrast maps (4).

Then, to test for an interaction valence and group, we entered the
first level valence contrasts (2,3) in a factorial model with one fac-
tor with 2 independent levels (group) and one factor with two non-
independent levels (valence). We finally proceeded in the same way
using the interaction contrasts (4) to test for a triple interaction be-
tween type, valence and group.

Interaction effects were tested at the second level using F tests fol-
lowed by post-hoc t-tests on the mean beta values extracted from the
cluster. To determine the significance of results, a threshold of p<0.05

family wise error (FWE) at cluster level following p<0.005 whole-brain
voxel level was used.

11.2.3.4 Psycho-physiological interaction

First of all, we identified the regions that were more active during
SRT compared to ERT and, conversely, those that were more active dur-
ing ERT compared to SRT across all subjects. Due to the large dimen-
sion of the resulting clusters, activation maps were first thresholded
at p<0.05 FWE whole-brain voxel level, then the AAL atlas was used (ht
tp://qnl.bu.edu/obart/explore/AAL/) as a reference to differentiate
the regions involved. For each region, we extracted the coordinates
of the local activation peak.



We then built regions of interest as spheres of 6 mm radius centred
on those coordinates using the MarsBar toolbox (Brett and Anton,
2002). We used each of these regions of interest as a seed region for
our gPPI analysis.

gPPI analyses were conducted using the gPPI toolbox (McLaren et
al., 2012) to generate first level models including a gPPI term for each
of our experimental conditions for each of our seed ROI. This ap-
proach has been shown to have a greater sensitivity and specificity
compared to the standard PPI implementation in SPM12, especially in
tasks involving more than two conditions (see Chapter 10 for details).

Using the gPPI conditions, we conducted the same first and second
level analyses as previously described for task responses, therefore
assessing the main effects and interactions of group, trial type and
valence on the functional coupling of each ROI with the rest of the
brain. Age and sex were used as covariates for all second level models.
Interaction effects were tested at the second level using F tests.

To determine the significance of findings, a threshold of p<0.05 FWE

at cluster level following p<0.005 whole-brain voxel level (minimum
cluster size = 0) was used. Then, to account for multiple seed ROI

testing, we considered significant only those results that had a p value
less than 0.05/27=0.00185. The size of the smallest significant cluster
was then used as a threshold to present only significant results in
figures and tables.

After identifying regions that showed task and gPPI effects involv-
ing the group factor, we extracted the mean beta values of all condi-
tions in these clusters from our first level models and entered them
in statistical package for the social sciences (SPSS) 12 (IBM) for statis-
tical analysis (when the difference was present across multiple condi-
tions, betas were averaged to match the second level contrasts). Post-
hoc t-tests were conducted on these values testing for the effect of
group for each condition in a linear regression including age and sex
as confounds. To account for multiple comparisons, false detection
rate (FDR) correction was used.

11.2.4 Behavioural analysis

Hits and reaction times in the task were analysed as described in
detail in Chapter 10.

Furthermore, to investigate whether the functional differences re-
late to task performance, we calculated Spearman correlations be-



tween the mean beta values (adjusted for age and sex) in the con-
ditions showing an effect of group and the number of hits in the
corresponding trial type within the patient group.

11.2.5 Effect of medication

Within the patient group, we finally similarly performed t-test anal-
yses (medicated versus unmedicated) to investigate the effect of med-
ication on our significant findings.

11.3 results

11.3.1 Demographics

For demographics of the final sample see Table 4.

HC MDD Test (p)

N 35 34

Age (years) 30.06± 9.25 33.35± 9.83 t=-1.434 (0.16)
Sex (F/M) 23/12 22/12 χ2=0.93 (1.00)
HAMD 0 (0-8) 22 (6-33) U=1,188.500 (<0.01)
BDI 1 (0-13) 34 (17-50) U=383.500 (0.01)
CTQ 27 (25-53) 41 (25-88) U=585.500 (<0.01)
Medication 9/15/9/1

Illness duration (years) 2.98 (0-21)

Table 4 – Demographic and questionnaire scores. For parametric variables,
mean and standard deviation are given. For non-parametric vari-
ables, the median as well as minimum and maximum values are
given. Medication is expressed as none/SSRI/SNRI/other (antipsy-
chotic or agomelatine). HC=healthy controls; MDD=depressed pa-
tients; HAMD=Hamilton depression scale; BDI=Beck depression inven-
tory; CTQ=childhood trauma questionnaire; SSRI=selective serotonin re-
uptake inhibitor; SNRI=serotonin-norepinephrine reuptake inhibitors.

11.3.2 Behavioural analysis

Concerning the number of hits, MDD performed worse across all
trials (Wald χ2=7.13, p<0.01) and we detected an interaction between
diagnosis, trial type and valence (Wald χ2=41.69, p<0.01). Analysis
of individual trials revealed that patients showed less hits especially
in negative and positive ERT, as well as neutral and negative SRT (see
Table 5).



For response times, a triple interaction between diagnosis, trial type
and valence was observed (Wald χ2=41.22, p<0.01), but examination
of the individual trials showed no effect of diagnosis. This result
was probably driven by faster responses during negative and positive
trials compared to neutral across all trial types (t=4.93, p<0.01).

HC MDD Wald χ2 (p)

Hits ERT Neu 22.97± 4.47 23.32± 4.24 1.20 (0.27)
Hits ERT Neg 26.00± 3.91 23.26± 7.46 7.26 (<0.01)
Hits ERT Pos 22.67± 5.05 20.29± 6.90 5.53 (0.02)
Hits SRT Neu 25.27± 4.87 21.90± 8.32 5.80 (0.02)
Hits SRT Neg 24.36± 4.65 21.23± 7.56 5.44 (0.02)
Hits SRT Pos 24.09± 4.65 21.84± 6.93 3.34 (0.07)
RT ERT Neu (s) 1.22± 0.31 1.23± 0.26 0.43 (0.51)
RT ERT Neg (s) 1.07± 0.30 1.07± 0.24 0.46 (0.49)
RT ERT Pos (s) 1.15± 0.27 1.18± 0.28 0.04 (0.85)
RT SRT Neu (s) 1.24± 0.32 1.25± 0.31 0.15 (0.69)
RT SRT Neg (s) 1.08± 0.30 1.07± 0.24 0.46 (0.49)
RT SRT Pos (s) 1.25± 0.23 1.30± 0.33 0.13 (0.72)

Table 5 – Task performance. Hits, misses and incorrect responses are given as
counts, RT are given as seconds. Tests show the results for our gener-
alized estimation equations analysis. Overall effect of diagnosis on hits
was significant across all trials (Wald χ2=7.13, p<0.01). HC=healthy con-
trols, MDD=depressed patients, RT=reaction time, SRT=shape recogni-
tion trials, ERT=emotional recognition trials, Neu=neutral, Neg=negative,
Pos=positive.

11.3.3 fMRI activation analysis

All responses to task effects are presented in detail in Table 6 and
Figure 10.

11.3.3.1 Effect of trial type

SRT compared to ERT showed a significantly increased response in
the bilateral supramarginal gyri, superior parietal lobuli, superior oc-
cipital gyri, middle frontal gyri, inferior temporal gyri, precentral gyri
as well as in the left fusiform gyrus and left exterior cerebellum.

ERT compared to SRT presented a significant increase in hemody-
namic activity bilaterally along the entirety of the medial frontal cor-
tex, including both the pregenual and subgenual subdivisions of the
ACC. Furthermore, activation was detected in the bilateral temporal
pole, middle temporal lobes, amygdalae, left anterior insula, posterior



cingulate cortex, angular gyri, triangular part of the inferior frontal
gyri, left lateral orbital gyrus, fusiform gyri and a cluster in the left
exterior cerebellum.

11.3.3.2 Effect of valence

The middle temporal, occipital, fusiform and lingual gyri, precuneus
as well as the medial and superior frontal lobe showed an effect of
valence, with positive and negative trials eliciting greater responses
compared to neutral.

11.3.3.3 Interaction between trial type and valence

The occipital and fusiform gyri as well as the anterior cingulate
gyrus showed an interaction between the trial type and valence fac-
tors.



Contrast Cluster pFWE Voxels Value Peak Region

SRT>ERT <0.001 6949 14.18 42 -43 47 R supramarginal gyrus

12.96 -12 -70 47 L superior parietal lobule

12.91 27 -64 53 R superior parietal lobule

<0.001 1470 9.99 27 8 53 R middle frontal gyrus

9.31 27 8 53 R middle frontal gyrus

7.17 48 35 29 R precentral gyrus

0.014 272 8.73 51 8 20 L middle frontal gyrus

4.68 -45 35 26 L middle frontal gyrus

4.30 -36 44 11 L middle frontal gyrus

0.008 303 7.56 -48 5 26 L precentral gyrus

5.20 -57 11 32 L precentral gyrus

3.56 -60 8 17 L precentral gyrus

0.026 235 6.71 -27 -61 -31 L cerebellum

5.72 -42 -43 -40 L cerebellum

5.13 -30 -40 -43 L cerebellum

0.038 215 4.32 24 -55 -13 R fusiform gyrus

4.11 39 -40 -37 R fusiform gyrus

ERT>SRT <0.001 9759 15.15 -6 53 35 L superior frontal gyrus



Contrast Cluster pFWE Voxels Value Peak Region

14.67 -3 53 -7 L medial frontal cortex

14.61 -12 41 44 L superior frontal gyrus

0.005 335 12.72 33 -79-34 R cerebellum

12.59 18 -85 -37 R cerebellum

5.18 48 -61 -40 R cerebellum

Effect of valence <0.001 13807 151.82 51 -73 2 R inferior orbital gyrus

114.62 9 -79 -7 R lingual gyrus

112.22 6 -88 2 R calcarine gyrus

<0.001 2205 67.46 0 38 -19 R middle frontal gyrus

57.02 -6 62 23 R superior frontal gyrus

55.59 -3 56 11 L superior frontal gyrus

0.024 177 13.79 -12 2 44 L middle cingulate cortex

12.67 -24 -10 53 L superior frontal gyrus

8.68 -32 2 53 L superior frontal gyrus

0.034 164 9.09 42 44 14 R middle frontal gyrus

8.16 36 47 -4 R medial frontal cortex

Valence*type <0.001 7885 59.14 48 -73 2 R inferior orbital gyrus

45.00 -45 -79 5 L inferior orbital gyrus



Contrast Cluster pFWE Voxels Value Peak Region

42.02 42 -79 -4 R inferior orbital gyrus

<0.001 984 27.89 -3 35 -1 L anterior cingulate cortex

14.68 9 41 -7 R superior frontal gyrus

14.00 12 11 -4 R caudate

<0.001 329 19.62 48 32 20 R middle frontal gyrus

0.023 160 10.20 -42 29 20 L middle frontal gyrus

8.96 -48 29 26 L middle frontal gyrus

8.15 -42 11 26 L inferior frontal gyrus

Table 6 – fMRI activation results not involving the group factor. pFWE<0.05 at cluster level following p<0.005 whole-brain voxel level (minimum cluster
size=0). HC=healthy controls; MDD=depressed patients; SRT=shape recognition trials; ERT=emotional recognition trials; L=left, R=right.



11.3.4 Psychophysiological interaction

We identified 10 local maxima for SRT versus ERT and 17 for ERT

versus SRT, each of them belonging to a different region as defined by
the AAL atlas (Figure 10). For their coordinates, see Table 7.

gPPI effects not involving the group factor are presented in detail in
Table 8.

Trial Region Name Centre Label

SRT R superior occipital gyrus R SOG 21 -67 38 1

L superior occipital gyrus L SOG -27 -64 38 2

R middle frontal gyrus R MFG 45 38 26 3

L middle frontal gyrus L MFG -48 35 29 4

R inferior temporal gyrus R ITG 51 -61 -10 5

L inferior temporal gyrus L ITG -54 -52 -13 6

R precentral gyrus R PCG 45 2 26 7

L precentral gyrus L PCG -48 8 29 8

R superior parietal lobule R SPL 27 -64 53 9

L superior parietal lobule L SPL -15 -70 47 10

ERT middle cingulate MFC -6 53 35 11

R temporal pole R TP 45 20 -34 12

L temporal pole L TP -39 20 -31 13

R middle temporal gyrus R MTG 63 -1 -19 14

L middle temporal gyrus L MTG -60 -13 -13 15

R amygdala R AMY 21 -7 -13 16

L amygdala L AMY -21 -7 -19 17

posterior cingulate PCC -3 -49 29 18

R angular gyrus R AG 54 -61 29 19

L angular gyrus L AG -48 -64 26 20

R inferior frontal gyrus R IFG 57 29 -1 21

L inferior frontal gyrus L IFG -48 29 -1 22

L lateral orbital lobe L LO -36 41 -10 23

R fusiform gyrus R FUS 39 -46 -19 24

L fusiform gyrus L FUS -42 -46 -22 25

pregenual anterior cingulate pgACC 3 50 23 26

subgenual anterior cingulate sgACC -6 47 -4 27

Table 7 – ROIs used as seed regions for the PPI analysis. ROIs were defined as 6 mm
radius spheres centred on the peak values of the SRT>ERT and ERT>SRT
contrast across all subjects. The AAL atlas was used as a reference to
extract one peak from each of the regions involved. Abbreviations used
throughout the text are shown and labels used in Figure 10. SRT=shape
recognition trials, ERT=emotional recognition trials, L=left, R=right.



Figure 10 – Areas responding to SRT and ERT and gPPI ROIs. We show in lateral and medial views the result of our second level contrast across all subjects for
ERT>SRT (red) and SRT>ERT (blue), pFWE<0.05 at the cluster level following p<0.005 whole-brain voxel level. ROIs were defined as 6 mm radius spheres
centred on the peak voxels in each of the resulting regions as defined by the AAL atlas. See Table 7 for ROI coordinates and labels. L=left hemisphere;
R=right hemisphere; ERT=emotion recognition trials; SRT=shape recognition trials.



11.3.4.1 PPI: Effect of trial type

During ERT compared to SRT, the bilateral inferior temporal gyri,
middle frontal cortex, right superior parietal lobule and precentral
gyrus showed increased coupling with temporal areas and lateral
frontal regions, such as the middle and inferior frontal gyri.

The right and left superior occipital gyri, the left superior parietal
lobule and left inferior temporal gyrus, on the other hand, increased
their functional connectivity with the middle and anterior cingulate
cortex, precuneus and temporal gyrus.

Finally, the left temporal pole and right precentral gyrus showed
increased coupling with the posterior cingulate gyrus, which in turn
presented greater connectivity with the bilateral superior parietal lob-
uli.

11.3.4.2 PPI: Effect of valence

Functional coupling between the left fusiform gyrus and the poste-
rior cingulate as well as between then middle frontal cortex and the
precentral gyrus showed an effect of valence.

11.3.4.3 Interaction between trial type and valence

Coupling between the right inferior temporal gyrus and the left
inferior frontal gyrus showed an effect of interaction between trial
type and valence.



Contrast Seed Cluster pFWE Voxels Value Peak Region

ERT>SRT L ITG <0.001 1919 6.00 48 -55 20 R angular gyrus

4.60 42 -58 29 R angular gyrus

4.51 48 -61 35 R angular gyrus

<0.001 895 4.42 -51 -4 -16 L superior temporal gyrus

4.41 -63 -34 8 L superior temporal gyrus

4.06 -39 -1 -13 L insula

<0.001 1103 4.33 -33 29 41 L middle frontal gyrus

4.31 -6 23 26 L anterior cingulate cortex

3.95 -9 50 5 L superior frontal gyrus

L SOG <0.001 1930 6.58 12 -61 32 R precuneus

5.91 -6 -16 29 L middle cingulate cortex

5.84 0 -25 41 L middle cingulate cortex

<0.001 599 4.98 54 -43 29 R supramarginal gyrus

4.30 51 -52 11 R middle temporal gyrus

4.24 48 -49 53 R angular gyrus

L SPL <0.001 440 5.14 -6 -13 29 L middle cingulate cortex

4.57 3 -25 41 R middle cingulate cortex

L TP <0.001 688 4.47 -15 -49 2 L precentral gyrus



Contrast Seed Cluster pFWE Voxels Value Peak Region

4.12 -12 -91 17 L superior occipital gyrus

3.60 -6 -91 11 L cuneus

MCC 0.001 393 4.38 -48 41 5 L inferior frontal gyrus

4.37 -48 38 14 L inferior frontal gyrus

4.28 -36 5 29 L precentral gyrus

PCC <0.001 1109 5.97 -27 -43 41 L superior parietal gyrus

4.80 -24 -67 32 L superior parietal gyrus

<0.001 980 5.97 33 -49 50 R superior parietal gyrus

5.55 33 -49 41 R superior parietal gyrus

R ITG <0.001 2610 4.98 51 -52 14 R middle temporal gyrus

4.95 60 -52 11 R middle temporal gyrus

4.72 51 -46 32 R angular gyrus

789 4.78 -60 -37 32 L supramarginal gyrus

4.70 -54 -58 5 L middle temporal gyrus

4.54 -54 -49 29 L supramarginal gyrus

3617 4.61 -15 -25 38 L precentral gyrus

4.60 -39 38 32 L middle frontal gyrus

4.57 -6 -58 50 L precuneus



Contrast Seed Cluster pFWE Voxels Value Peak Region

R PCG <0.001 2453 6.13 12 -43 32 R posterior cingulate cortex

4.93 45 -43 2 R middle temporal gyrus

4.90 39 -40 8 R middle temporal gyrusTG

<0.001 1357 5.13 24 32 50 R superior frontal gyrus

4.84 27 20 26 R middle frontal gyrus

4.69 27 11 29 R middle frontal gyrus

R SOG <0.001 4016 6.30 51 -43 32 R supramarginal gyrus

6.27 -3 -25 41 L middle cingulate cortex

5.71 3 -52 44 R precuneus

<0.001 3489 6.13 9 -58 47 R precuneus

5.58 0 -25 41 L middle cingulate cortex

5.56 6 -40 38 R posterior cingulate gyrus

R SPL <0.001 1022 5.87 48 -46 35 R angular gyrus

5.10 51 -52 14 R angular gyrus

4.75 48 -43 17 R superior temporal gyrus

Effect of valence L FUS <0.001 833 10.55 -18 -58 20 L precuneus

10.53 -12 -52 5 L precuneus

MCC <0.001 657 15.57 27 -22 44 precentral gyrus



Contrast Seed Cluster pFWE Voxels Value Peak Region

11.84 24 14 26 precentral gyrus

11.11 21 20 17 precentral gyrus

Trial type*valence interaction R ITG <0.001 250 4.06 -51 23 2 L inferior frontal gyrus

3.87 -45 41 -13 L inferior frontal gyrus

3.65 -39 23 -4 L inferior frontal gyrus

Table 8 – PPI results not involving the group factor. pFWE<0.05 at cluster level following p<0.005 whole-brain voxel level, family wise error corrected for
multiple ROI comparisons to p=0.00185. See Table 7 for seed abbreviations. HC=healthy controls; MDD=depressed patients; L=left; R=right.



11.3.4.4 Interaction between trial type and diagnosis

Controls compared to patients showed a greater differential re-
sponse in ERT compared to SRT in the anterior insula. In particular,
post-hoc testing revealed an increased response in controls in SRT

compared to ERT (post-hoc test: t=-5.46, pFDR<0.01) whereas in the
MDD group no difference was found (post-hoc test: t=1.77, pFDR=0.09)
(Figure 11).

Figure 11 – Activation results showing the main effect of interaction during
ERT>SRT for MDD>Controls. Lateral and medial views display the re-
sult of our second level gPPI analysis of the interaction effect (p<0.05

FWE at the cluster level following p<0.005 whole-brain voxel level). Bars
show cluster mean beta values across all trials in each group adjusted
for age and sex following linear regression (residuals). For post-hoc
t-tests: pFDR<0.05(*) and <0.01(**). Error bars are 95% confidence in-
tervals. ERT=emotional recognition trials; SRT=shape recognition trials;
MDD=major depression group; L=left; R=right; INS=insula.

11.3.4.5 Effects of diagnosis on gPPI

We report our gPPI results of between group comparisons in Table
9 as well as Figures 12, 13, 14.



Contrast PPI Seed Cluster pFWE Voxels Value (t or F) Peak Region
MDD>HC L FUS 0.001 555 4.18 51 44 -7 R inferior frontal gyrus

4.15 42 -13 5 R insula
4.05 42 -4 -1 R insula

R IFG <0.001 771 4.60 51 44 -4 R inferior frontal gyrus
5.54 42 26 29 R middle frontal gyrus
4.03 42 56 2 R middle frontal gyrus

Trial type*group L IFG 0.001 291 18.23 -18 -13 26 L caudate
R ITG <0.001 331 18.48 39 -22 38 R precentral gyrus

18 -13 41 R middle cingulate gyrus
30 -31 41 R posterior cingulate gyrus

Valence*group L AMY <0.001 340 10.69 24 -76 -10 R fusiform gyrus
10.40 -15 -55 -10 L lingual lobe
9.62 21 -67 -13 R lingual lobe

Trial type*valence*group L PCC 0.001 262 11.77 -3 -64 -1 L lingual lobe
10.42 0 -46 5 posterior cingulate cortex
9.69 18 -70 -10 R lingual gyrus

R ITG 0.001 260 11.53 -51 23 2 L inferior frontal gyrus
10.32 -45 41 -13 L inferior frontal gyrus
9.42 -33 41 2 L middle frontal gyrus

sgACC 0.001 236 11.00 -18 44 29 L superior frontal gyrus
9.07 -21 50 20 L superior frontal gyrus
8.76 0 41 26 L superior frontal gyrus

Table 9 – Between group gPPI fMRI results. Clusters are corrected for multiple ROI to p=0.00185 following p<0.005 whole-
brain. See Table 7 for seed abbreviations. HC=healthy controls; MDD=depressed patients; L=left; R=right.



11.3.4.6 Main effect of gPPI between groups

Across all trials, MDD patients showed increased functional con-
nectivity between the fusiform gyrus and the right inferior frontal
gyrus (IFG) and insula (post-hoc test: df=67, t=3.92, p<0.01) as well as
between the right IFG and middle frontal gyrus (MFG) (post-hoc test:
df=67, t=4.64, p<0.01) (Figure 12).

Figure 12 – gPPI results showing the main effect of group. Lateral and medial views
display the result of our second level gPPI analysis across all subjects,
showing each region of interest (spheres) that showed a significant effect
of group with other brain regions (clusters) (pFWE<0.05 at the cluster
level following p<0.005 whole-brain voxel level). Bars show cluster mean
beta values across all trials in each group adjusted for age and sex follow-
ing linear regression (residuals). For post-hoc t-tests: pFDR<0.05(*) and
<0.01(**). Error bars are 95% confidence intervals. See Table 7 for seed
abbreviations. MDD=depressed patients; HC=healthy controls; L=left;
R=right; INS=insula; IFG=inferior frontal gyrus; MFG=middle frontal
gyrus; FDR=false discovery rate.

11.3.4.7 Two-way interactions: group*trial type and group*valence

During SRT, patients had increased coupling between the left infe-
rior frontal gyrus and the head of the left caudate nucleus compared
to controls (post-hoc test: t=2.53, pFDR=0.02). The same was observed
concerning functional connectivity between the right inferior tempo-
ral gyrus and the precentral, postcentral and middle cingulate gyri
(post-hoc test: t=2.59, pFDR=0.02).

For ERT, on the other hand, coupling was reduced in patients be-
tween the same regions (post-hoc tests: t=-2.07, pFDR=0.04 and t=-2.11,
pFDR=0.04 respectively).



Regardless of trial type, patients showed decreased coupling be-
tween the amygdala and the fusiform and lingual gyri during nega-
tive trials (post-hoc test: t=-3.07, pFDR<0.01), and, to a lesser extent,
increased coupling between these regions during positive trials (post-
hoc test: t=2.10, pFDR<0.05) (Figure 13).

Figure 13 – gPPI results showing 2 way interaction effects. Lateral and medial views
display the result of our second level gPPI analysis testing for group*trial
type and group*valence interactions, showing each region of interest
(spheres) that showed a significant interaction effect with other brain
regions (clusters) (p<0.05 FWE at the cluster level following p<0.005

whole-brain voxel level). Bars show cluster mean beta values across
all trials in each group adjusted for age and sex following linear re-
gression (residuals). For post-hoc t-tests: pFDR<0.05(*) and <0.01(**).
Error bars are 95% confidence intervals. See Table 7 for seed abbrevi-
ations. MDD=depressive patients; HC=healthy controls’ ERT=emotion
recognition trials; SRT=shape recognition trials; Neu=neutral trials;
Neg=negative trials; Pos=positive trials; L=left; R=right; CAU=caudate
nucleus; POCG=postcentral gyrus; PCG=precentral gyrus; LG=lingual
gyrus; FUS=fusiform gyrus; FDR=false discovery rate.

11.3.4.8 Interaction between group, trial type and valence

During SRT involving negative images (post-hoc test: df=67, t=-2.45,
pFDR=0.04) and ERT involving positive images (post-hoc test: t=-2.23,
pFDR=0.04), patients showed reduced coupling of the posterior cin-
gulate cortex (PCC) and lingual gyrus. During shape evaluation of



positive stimuli, these regions also showed increased connectivity in
the MDD group (post-hoc test: t=2.35, pFDR=0.04).

Finally, in this latter trial type, patients also showed reduced func-
tional connectivity between the sgACC and the superior frontal gyrus
(post-hoc test: t=-2.66, pFDR=0.02) (Figure 14).

Figure 14 – gPPI results showing 3 way interaction effects. Lateral and medial views
display the result of our second level gPPI analysis testing for group*trial
type*valence interactions, showing each region of interest (spheres) that
showed a significant interaction effect with other brain regions (clusters)
(p<0.05 FWE at the cluster level following p<0.005 whole-brain voxel
level). Bars show cluster mean beta values across all trials in each group
adjusted for age and sex following linear regression (residuals). For post-
hoc t-tests: pFDR<0.05(*) and <0.01(**). Error bars represent 95% confi-
dence intervals. See Table 7 for seed abbreviations. MDD=depressive pa-
tients; HC=healthy controls’ ERT=emotion recognition trials; SRT=shape
recognition trials; Neu=neutral trials; Neg=negative trials; Pos=positive
trials; L=left; R=right; LG=lingual gyrus; SFG=superior frontal gyrus;
FDR=false discovery rate.

11.3.5 Correlational analysis

We found a significant correlation between functional connectivity
between the right IFG and MFG with the total number of hits in the
patients group (r=0.45, p=0.01).



11.3.6 Effect of medication

We report no significant differences between medicated and un-
medicated patients in the effects that showed a between groups dif-
ference (all tests p>0.05).

11.4 discussion

From a behavioural point of view, patients performed worse across
all trials compared to controls. Their increased number of incorrect
responses in ERT suggests an impaired ability to correctly identify the
valence of emotional pictures, in line with previous findings of bi-
ased interpretation of stimuli in MDD (Murrough et al., 2011; Bylsma,
Morris, and Rottenberg, 2008). Furthermore, patients also performed
worse compared to controls in SRT, which might reflect a reduced
ability to shift attention away from the content of the stimuli and,
therefore, a deficit in voluntary emotional regulation (Gotlib and Joor-
mann, 2010).

Reaction times were overall faster for negative and positive trials
compared to neutral, suggesting faster attentional allocation to emo-
tional stimuli, but were not different between the two groups.

Our results concerning BOLD responses to the different types of
trials across groups add to the existing literature (see Table 6). Specif-
ically, ERT showed a greater involvement of medial portions of pre-
frontal and posterior cingulate cortex, in line with their role in emo-
tion generation, recognition and automatic regulation (Rive et al.,
2013), whereas we report an involvement of dorsolateral prefrontal
areas during SRT, comparable with their postulated role in voluntary
emotional regulation (Rive et al., 2013). The involvement of structures
such as the amygdala, insula and temporal lobes was also not sur-
prising, since these regions have been extensively described as being
recruited during emotional processing and also as being influenced
by the valence of presented stimuli (Costafreda et al., 2008; Sergerie,
Chochol, and Armony, 2008; Phan et al., 2002; Frank et al., 2014;
Heinzel et al., 2005).

During SRT versus ERT, controls showed an increased activity in the
anterior insula, whereas no difference was detected between the two
trial types in patients. A reduced activation in this region in MDD

has been shown in the past using paradigms eliciting cognitive pro-
cessing of emotional stimuli, especially the ones involving recall (Sliz



and Hayley, 2012) and could be a by-product of a deficit in the engage-
ment of working memory in the MDD cohort during our paradigm be-
tween the image and question presentation (Nagai, Kishi, and Kato,
2007; Young et al., 2012).

Our gPPI results have shown that, regardless of diagnosis, valence
compared to shape recognition of emotional images involves greater
coupling within an extensive functional network comprising the su-
perior occipital, lingual and angular gyri, superior parietal lobules,
lateral and medial portions of the frontal lobe as well as most por-
tions of the cingulate cortex and the insula.

Patients, however, showed persistently increased functional con-
nectivity across the two trial types between the fusiform gyrus and
portions of this network, namely the IFG, inferior frontal sulcus and
insula. Increased coupling of the fusiform gyrus in MDD has been re-
ported before and ascribed to the functional hyper-connectivity of the
default mode network in the disease (Karim et al., 2016). The ante-
rior insula and frontal gyrus belong to the task positive network (Fox
and Greicius, 2010), which might point to an overall hyper connec-
tivity during our task in MDD between the default and task positive
networks as well as within the latter. In light of the result of our
correlation analysis, showing that patients with a higher connectivity
within the task-positive network had a better overall performance, we
believe that this finding could highlight a compensatory attempt to
keep focused on the task. The altered interplay of these networks,
however, might explain the overall performance deficit in our MDD

cohort regardless of stimulus type.
Across SRT, regardless of valence, patients exhibited increased func-

tional connectivity between the left IFG and the head of the left cau-
date nucleus. The caudate nucleus is thought to be one of the ar-
eas where emotional states and behaviours are initially generated
(Phillips, Ladouceur, and Drevets, 2008). Increased connectivity be-
tween these areas might indicate that for MDD patients to successfully
focus on the non-emotional aspects of a stimulus, a stronger top-
down regulation of the regions originating the emotional response
might be needed. Interestingly, during ERT connectivity between the
same areas was reduced in patients, suggesting a deficit in top-down
regulation while fully focused on the valence of emotional stimuli.

In SRT, we also detected higher connectivity in patients between
the right inferior temporal gyrus (ITG) and the pre and post central
gyri as well as the middle cingulate cortex, suggesting that stronger



coupling of the network of regions involved in emotional regulation
with the ones involved in emotional recognition might be required for
successful allocation of attention away from the emotional content as
well. Similarly to what previously described, connectivity between
these regions was also decreased in patients during ERT and could
once again be related to a deficient regulation of the emotional re-
sponse elicited by the pictures.

Concerning the main effects of valence, patients showed strong
hypo-connectivity between the amygdala and visual areas during the
evaluation of negative pictures, as well as hyper connectivity of the
two structures while evaluating positive pictures. Coupling between
the amygdala and the visual cortex has been hypothesised to mediate
behaviour by enhancing sensory processing of affectively significant
items (Pessoa and Adolphs, 2010). In depression, they have been
found to be altered both in resting state (Cullen et al., 2014) as well as
affect recognition tasks (Ho et al., 2014) and might be related to the
biased processing of these stimuli characteristic of the illness.

Our analysis of the interaction between the valence, type and group
effects revealed that the between group differences were especially
prominent in trials either involving the voluntary attentional regula-
tion of negative trials or the emotional recognition of positive trials.
This is in line with both our finding of abnormal amygdala-visual
cortex coupling as well as with the reports of biased interpretation of
positive stimuli (Murrough et al., 2011; Bylsma, Morris, and Rotten-
berg, 2008) and impaired voluntary regulation of negative stimuli in
depressed patients (Gotlib and Joormann, 2010).

Namely, patients showed a decreased connectivity between the PCC

and visual regions in both these conditions, as well as decreased
coupling between the subgenual and pregenual ACC while shifting
attention away from the emotional content of negative stimuli. Im-
pairment of PCC function has been hypothesised to be involved in
deficits in attentional control and memory in MDD patients (Leech and
Sharp, 2014), whereas the ACC has been often reported as an impor-
tant centre of emotional regulation (Rive et al., 2013; Frank et al., 2014;
Phan et al., 2002). The pregenual anterior cingulate cortex (pgACC), in
particular, is specifically involved in the affective network and has
been identified as being the main anterior cingulate association area,
which mediates the interaction between the other, more specialized,
sub-portions of the region, such as the sgACC (Yu et al., 2011). Its
function is hypothesised to be crucial for emotional-cognitive interac-



tion (Yu et al., 2011). Therefore, our findings in MDD patients suggest
that deficits in voluntary attentional regulation of negative stimuli
and in valence interpretation of positive ones might be mediated by
functional decoupling between and within areas involved in these
processes.

Interestingly, we found PCC and visual regions to also be hyper-
connected in patients during shape evaluation of positive stimuli.
Once again, depressed patients showed changes in the processing
not only of negative stimuli, but also of positive ones, which could
be in line with their reported tendency to direct attention towards the
first and away from the latter (Murrough et al., 2011).

It is necessary to address as a limitation the fact that most of the
MDD patients were medicated, even with different drug classes. There-
fore, even if we found no difference by investigating the effect of
treatment with t-test on our functional effects comparing medicated
and unmedicated patients, we cannot completely exclude that med-
ication might play a role in our findings. We also wish to highlight
the exploratory nature of our analysis: further studies are needed that
could selectively target the functional alterations we have identified
to link them to specific aspects of MDD.

11.5 conclusion

To sum up, we confirm involvement of the ACC, superior frontal
gyrus (SFG), PCC, amygdala, insula and temporal lobe during recog-
nition of emotion across depressed and healthy subjects as well as
increased functional coupling in these areas. Shift of attention away
from the emotional content, on the other hand, activated lateral por-
tions of the prefrontal cortex, the fusiform gyrus, cerebellum, occipi-
tal, temporal and parietal regions.

Behavioural performance was worse in MDD compared to controls
across all trials, suggesting altered recognition and attentional regu-
lation of emotion. Functionally, patients showed a reduced response
during emotion regulation in the anterior insula, which could be re-
lated to a working memory deficit.

Overall, patients showed hyper-connectivity between and within
the default mode and task positive networks. During voluntary emo-
tional regulation, they had increased connectivity across areas in-
volved in this process as well as with ones originating the emotional
response. They also showed altered connectivity between the amyg-



dala and visual areas during the evaluation of negative and positive
pictures, which might be related to biased valence processing.

Finally, the between group differences were especially prominent in
trials either involving regulation of negative emotions or recognition
of positive ones, showing decreased coupling between areas involved
in attention allocation and emotional regulation.





12
F K B P 5 S N P A N D E M O T I O N P R O C E S S I N G A R E A S

12.1 background

As outlined in Chapter 2, examples of the genes that have been in-
vestigated in MDD patients include ones involved in monoaminergic
signalling such as the monoamine oxidase A (MAOA), tryptophan hy-
droxylase 1 (TPH1) (Gizatullin et al., 2006) and serotonin transporter
(5-HTT) genes (Bellivier et al., 1998; Caspi et al., 2003; Frodl et al.,
2010b). Mediators of neuronal plasticity have been studied as well,
such as the brain derived neurotrophic factor (BDNF) (Arlt et al., 2013;
Lavebratt et al., 2010) and BicC family RNA Binding Protein 1 (BICC1)
(Bermingham et al., 2012) genes.

However, all genome-wide association analyses that have been per-
formed have so far found inconclusive results regarding the associa-
tion between SNPs in all these genes and MDD, suggesting that envi-
ronmental factors may be crucial for developing the disease regard-
less of genetic vulnerability (Gyekis et al., 2013; Bosker et al., 2011;
Clarke et al., 2010; Cohen-Woods, Craig, and McGuffin, 2013).

Compatible with the hypothesis of altered stress systems and im-
mune response dysfunction in MDD (Miller, Maletic, and Raison, 2009),
recent data has shown an association between the disease and allelic
variants of genes involved in GR regulation.

The gene expressing FKBP5, in particular, is involved in the regu-
lation of GR sensitivity (Scharf et al., 2011). The over expression of
this protein can reduce hormone binding affinity and nuclear translo-
cation of GR, down regulating the expression of anti-inflammatory
proteins in neuronal nuclei (Wochnik et al., 2005). Genetic variants
in this gene have been found to be suggestively associated with MDD

(Gillespie et al., 2009), although not always achieving full statistical
significance (Lavebratt et al., 2010). Furthermore, a study has also
found an independent and interactive involvement of FKBP5 in antide-
pressant treatment response (Horstmann et al., 2010), emphasizing
the potential clinical importance of this gene.

The rs1360780 SNP of the FKBP5 gene has been especially explored
and its T allele has been reported as possibly associated with depres-



sion (Lavebratt et al., 2010; Gillespie et al., 2009). Further studies
have revealed an association between this genotype and MDD in spe-
cific patient cohorts and the hypothesis has arisen that an increased
risk of developing MDD in carriers of the T allele of rs1360780 could
be present only following its interaction with a significant amount of
chronic stress, such as the one undergone by gastric cancer patients
(Kang et al., 2012) or victims of childhood maltreatment (Gillespie et
al., 2009).

In the past few years, a significant association has also been re-
ported between depression, FKBP5 allele T carrier status and an im-
paired regulation of the endocrine HPAA (Menke et al., 2013). Addi-
tionally, allelic differences in this gene have been found to be asso-
ciated with alterations in cingulum anatomy measured using DTI in
patients suffering from post traumatic stress disorder (PTSD), suggest-
ing that it may have a role in determining white matter integrity and
increased vulnerability for psychiatric disorders (Fani et al., 2014).

In order to better understand the way SNPs of FKBP5 may affect
brain function, some studies have investigated if carriers of the high-
risk T allele of rs1360780 responded differently to well-established
fMRI paradigms. In healthy participants, the T allele of rs1360780 has
been thus associated with an increase in BOLD responses in the hip-
pocampus during a dot probe task, accompanied by alterations in
hippocampal shape and with an attention bias toward threat (Fani
et al., 2013; Holz et al., 2014). Another study has also found, in partic-
ipants carrying the T allele, an association between increased activity
in the dorsal amygdala during a face-recognition paradigm and self-
reported childhood emotional neglect (White et al., 2012). Regarding
depressed patients, on the other hand, the FKBP5 gene and childhood
adversity have been shown to interact and to be associated with ab-
normal activity in the amygdala, hippocampus and orbitofrontal cor-
tex (Holz et al., 2014).

All these findings support the hypothesis that there might be a neu-
robiological interplay between variants of the FKBP5 gene, stressful en-
vironmental factors (such as childhood adversity) and MDD, leading
to specific changes in brain anatomy and function. Furthermore, dur-
ing tasks eliciting emotional responses in patients, specific patterns
may arise that differ between the genetically defined sub-samples.

The aim of our study was to investigate the differences in brain
function and anatomy between patients affected by MDD and healthy
controls in relation to the allelic variants of the rs1360780 SNP of the



FKBP5 gene. Furthermore, we wanted to investigate whether these
differences might be explained by the interaction between the pres-
ence of the high-risk T allele of rs1360780 and environmental stress
(in particular childhood adversity).

To achieve our goal, we employed fMRI during our emotion recog-
nition task. By studying brain activity following the emotional evalu-
ation of stimuli and that during assessment of their shape, we wanted
to gain insight into the extent of emotional inhibition following the
exposure to the stimulus: an ability that has been found impaired in
depressed patients (see Chapter 11).

We then located areas presenting differences in activity during emo-
tion and shape recognition between patients carrying the high-risk T
allele and those being homozygous for the C allele. Next, we used
DTI to assess whether these regions also presented morphological
changes between these same two subgroups.

Finally, we have focused on the hypothesis that the genetic factor
alone would not be sufficient to explain our morphological findings
in depressed patients, but that its interaction with early life stress
would highlight its contribution. Therefore, we have investigated the
effects of the interaction of childhood adversity and rs1360780 allele
status in explaining the DTI measures obtained by the use of a general
linear model.

12.2 materials and methods

12.2.1 Sample

The study was run on a subset of the CAMI dataset (see 7). It in-
cluded 40 adult patients with MDD and 43 HC subjects.

12.2.2 Rating Instruments

Self and observer rated scales were also filled out for all partici-
pants (see Chapter 8 for details).

As measures of clinical severity, the HAMD (Hamilton, 1986) and
BDI (Beck et al., 1961) were used.

The CTQ was also used to assess adversity during childhood and
teenage years (Bernstein, D. P and Fink, L., 1998). The sum of its
five sub-items (emotional, physical and sexual abuse, emotional and



physical neglect) was calculated and used as a continuous variable to
evaluate the severity of childhood maltreatment for each participant.

12.2.3 Genetic analysis

See Chapter 9 for details on the genetic analyses.
All genotypes were found to be concordant with available online

HapMapdata. All non-template samples returned a negative result.
rs1360780 was in Hardy-Weinberg equilibrium (p>0.05) in this sam-
ple.

Our test SNP at FKBP5 has a minor allele frequency of 0.42 according
to the University of California Santa Cruz Genome Browser. T is the
minor allele and because homozygous TT samples were rare in our
sample, we grouped them with heterozygous TC samples for analysis
(T*).

12.2.4 fMRI analysis

See Chapter 10 for details on the fMRI sequence and task employed
as well as for details on the analysis of hits and reaction times during
the task.

12.2.4.1 Preprocessing

Data was analysed with SPM12 and preprocessed as described in
Chapter 10.

After the motion correction step, 8 patients and 2 controls were ex-
cluded. Then co-registration of each participant’s structural image to
the mean of the motion corrected functional images, slice time cor-
rection, spatial normalization and smoothing using an 8 mm FWHM

Gaussian kernel were applied.

12.2.4.2 First level analysis

The regressors entered in the first-level GLM analyses were the 6

time vectors of the questions’ onsets and the 6 motion regressors.
Then, t-tests were computed comparing ERT and SRT of each valence
versus baseline.



12.2.4.3 Second level analysis

A 2*2*2*3 full-factorial model was set up in SPM12 on the resulting
contrasts, where the first factor was diagnosis group (MDD or HC),
the second factor was the presence of the T allele in the rs1360780

SNP of the FKBP5 gene (T* or CC), the third factor was the trial type
(ERT or SRT) and the fourth factor was its emotional valence (positive,
negative or neutral), while age, gender and medication (entered as
medication type: 0 for unmedicated patients and controls, 1 for SSRI

and 2 for serotonin-norepinephrine reuptake inhibitors (SNRI)) were
used as covariates.

A whole brain FWE correction with p<0.05 (p<0.01 for interaction
testing) was performed in all comparisons to ensure statistical signif-
icance of our findings.

12.2.4.4 Diffusion MRI analysis

Data were pre-processed using ExploreDTI (http://www.explored
ti.com), see Chapter 10 for details.

We reviewed the DTI data by visually inspecting the slice images.
Head movement during scanning was less than 3 mm in x,y,z direc-
tions. After preprocessing, we used the “extract diffusion measures
from atlas labels tool” in ExploreDTI, which warps each subject’s im-
age into standard space and defines masks for it based on the AAL

atlas (http://qnl.bu.edu/obart/explore/AAL). These masks are then
warped back into subject space and used for the extraction of DTI

measures from the original images for each subject.
In particular, we compared MD and FA values of patients with the

T allele of rs1360780 with those of patients homozygous for the C
allele bilaterally in the anatomical areas where we found significant
differences between the same groups during the fMRI task: insula
and neighbouring rolandic operculum; Heschl gyrus; superior tempo-
ral lobe; parahippocampal gyrus; posterior cingulate cortex; inferior
frontal gyrus, pars triangularis.

12.2.4.5 Interaction modelling

Within the MDD group, we defined and tested separate general lin-
ear models as implemented in SPSS Statistics version 22 (IBM) using
each of our significant DTI findings as a dependent variable and, as
an independent variable, the interaction between childhood maltreat-
ment (CTQ scores) and the presence of the T allele of rs1360780. In



the model, age, sex and medication type were also included as con-
founds.

Statistics were considered to be significant when p<0.0125 consid-
ering testing for 4 different regions that were found to be significant
in the fMRI and DTI analysis described above.

12.3 results

12.3.1 Sample

20 of the depressed patients and 22 of the healthy controls were
found to be carriers of the T allele of rs1360780. There was no signif-
icant difference overall between participant groups regarding gender
and age. CTQ scores were higher in patients (p<0.01) and controls
showed a median total score close to the minimum posible of 25.

Among MDD patients, there were no significant differences between
T* and CC participants regarding HAMD, BDI, illness duration, gen-
der, childhood maltreatment and medication. T* patients were sig-
nificantly older than CC patients (t=2.31, p=0.03). For a summary of
demographics and clinical variables, see Table 10.



HC MDD Test (p)
T* CC T* CC

N 22 21 20 20

Age (years) 36.00± 12.32 36.43± 14.65 45.35± 10.74 37.80± 9.91 F=2.67 (0.05)
Sex (F/M) 14/8 13/8 12/8 15/5 χ2=1.21 (0.75)
HAMD 2 (0-15) 2 (0-6) 29 (14-45) 29 (17-40) KW=56.44 (<0.01)
BDI 0 (0-9) 3 (0-15) 40 (3-53) 31 (22-59) KW=55.98 (<0.01)
CTQ 28 (25-37) 32 (25-37) 38 (26-90) 38.50 (25-104) KW=22.54 (<0.01)
Medication 6/7/7/0 4/8/8/0 χ2=0.53 (0.77)
Illness duration (years) 10 (0.70-13.95) 18 (0.85-14.86) U=0.03 (0.98)

Table 10 – Demographic and questionnaire scores. For parametric variables, mean and standard deviation are
given. For non-parametric variables, the median as well as minimum and maximum values are given.
Medication is expressed as none/SSRI/SNRI/other (antipsychotic or agomelatine) CTQ=childhood
trauma questionnaire; HAMD=Hamilton rating scale for depression, BDI=Beck depression inventory;
CTQ=childhood trauma questionnaire; SSRI=selective serotonin reuptake inhibitors; SNRI=serotonin-
norepinephrine reuptake inhibitors.



12.3.2 Behavioural analysis

Concerning the number of hits, MDD performed worse across all
trials (Wald χ2=5.06, p=0.02) and we detected an interaction between
diagnosis, trial type and valence (Wald χ2=86.61, p<0.01). Analysis
of individual trials showed that patients showed less hits especially
in negative and positive ERT, as well as neutral and negative SRT (see
Table 11).

Patients were slower to respond across all trials, regardless of type
and valence (Wald χ2=14.75, p<0.01, Table 11).

Allele status did not show any effect on number of hits or response
times.



HC MDD
Wald χ2 (p)

T* CC T* CC

Hits ERT Neu 22.59± 3.52 21.24± 4.64 22.31± 4.36 24.25± 2.95 8.78 (<0.01)
Hits ERT Neg 26.36± 2.72 26.42± 4.10 24.81± 4.71 24.69± 5.45 1.41 (0.23)
Hits ERT Pos 27.68± 2.71 26.95± 2.35 24.00± 5.07 23.31± 3.88 16.28 (<0.01)
Hits SRT Neu 27.23± 2.51 26.62± 2.92 24.75± 3.40 25.94± 3.41 9.21 (<0.01)
Hits SRT Neg 26.59± 2.92 25.95± 2.67 24.12± 3.28 25.19± 2.07 3.91 (0.05)
Hits SRT Pos 27.91± 2.74 27.86± 2.33 25.00± 3.42 25.69± 4.42 3.45 (0.06)
RT ERT Neu (s) 0.93± 0.23 1.02± 024 1.14± 0.22 1.18± 0.30 8.11 (<0.01)
RT ERT Neg (s) 0.75± 0.24 0.91± 0.22 1.00± 0.22 1.02± 0.24 9.98 (<0.01)
RT ERT Pos (s) 0.63± 0.21 0.79± 0.21 0.87± 0.23 0.88± 0.31 8.77 (<0.01)
RT SRT Neu (s) 0.70± 0.20 0.82± 0.21 1.04± 0.31 0.99± 0.27 14.38 (<0.01)
RT SRT Neg (s) 0.73± 0.24 0.93± 0.23 1.15± 0.29 1.08± 0.26 20.84 (<0.01)
RT SRT Pos (s) 0.71± 0.20 0.83± 0.24 1.02± 0.31 0.97± 0.27 11.22 (<0.01)

Table 11 – Task performance. Tests show the results for our generalized estimation equa-
tions analysis. Overall effect of diagnosis on hits was significant across all tri-
als (Wald χ2=5.06, p=0.02). Test results for the effect of diagnosis are given.
RT=reaction time; SRT=shape recognition trials; ERT=emotional recognition tri-
als.



12.3.3 fMRI

For a summary of our fMRI results, see Table 12.
We found a significant interaction between genotype and diagnosis

in the following areas: left and right superior parietal lobules; right
frontal superior orbital gyrus; right frontal middle orbital gyrus; left
middle occipital gyrus; left frontal inferior orbital gyrus; left insula
and left superior temporal lobe.

CC controls showed, compared to CC patients, an increased re-
sponse in the right middle frontal gyrus, in the left inferior frontal
gyrus (pars triangularis) and in the left middle frontal gyrus, regard-
less of trial and valence. Conversely, T* controls compared to patients
with the same genotype showed a greater activation in the right hip-
pocampus, right precuneus, right lingual gyrus, left superior and in-
ferior parietal lobules.

In response to emotional trials, CC patients showed an increased re-
sponse compared to T* patients in the following regions: left superior
temporal lobe and insula; left parahippocampal gyrus; left posterior
cingulate cortex, precuneus and lingual gyrus. While judging the ori-
entation of pictures, regardless of valence, they showed an increased
response compared to patients carrying the T allele in the right infe-
rior frontal gyrus, pars triangularis (Figure 15).

Figure 15 – Functional results of the contrast between patients carrying the T allele
of rs1360780 and C homozygous patients. Areas of differential activation
(p<0.05, whole-brain FWE corrected). Red=areas differentially active
during emotional recognition trials; Blue=areas differentially active dur-
ing shape recognition trials; L=left; R=right; INS=insula; PCC=posterior
cingulate cortex; STG=superior temporal gyrus; PHG=parahippocampal
gyrus; IFG=inferior frontal gyrus; FWE=family-wise error.

During ERT, CC controls had an increased response compared to T*
controls in the left and right inferior orbital gyri and in the left and
right middle frontal gyri. Similarly to patients, after SRT, they showed



an increased response compared to controls carrying the T allele in
the left inferior frontal gyrus, pars triangularis.



Contrast Voxels Value (t or F) Peak Region

HC>MDD 116 6.05 39 41 2 R middle frontal gyrus

107 5.58 24 -37 2 R hippocampus

5.46 12 -49 5 R precuneus

4.9 -18 -58 5 L lingual gyrus

12 5.22 -30 -55 -1 L lingual gyrus

12 4.81 30 35 29 R middle frontal gyrus

4.66 39 35 32 R middle frontal gyrus

CC>T* 629 6.2 3 50 11 R anterior cingulate cortex

5.74 21 47 26 R middle frontal gyrus

5.72 33 41 23 R middle frontal gyrus

157 5.87 -36 38 20 L middle frontal gyrus

5.37 -33 35 -10 L inferior frontal orbital gyrus

4.92 -30 29 8 L insula

141 7.22 -21 -40 5 L hippocampus

45 5.73 -3 -58 5 L posterior cingulate cortex

36 5.39 -24 11 -13 L frontal superior orbital gyrus

13 4.96 9 38 -13 R frontal medial orbital gyrus

FKBP5*group 1544 66.25 -24 -61 47 L superior parietal lobule



Contrast Voxels Value (t or F) Peak Region

52.05 -45 -55 44 L superior parietal lobule

50.33 18 -67 59 R superior parietal lobule

51 65.07 18 41 -25 R frontal superior orbital gyrus

41.56 33 38 -13 R frontal middle orbital gyrus

48 39.05 -42 -67 5 L middle occipital gyrus

32 32.92 -36 41 -4 L frontal inferior orbital gyrus

24 35.81 -48 -22 11 L superior temporal lobe

22 31.82 -39 5 -7 L insula

29.31 -45 -4 -7 L superior temporal lobe

CC HC>CC MDD 338 5.79 30 35 29 R middle frontal gyrus

160 4.9 -39 38 8 L inferior frontal gyrus pars triangularis

45 5.89 -33 32 41 L middle frontal gyrus

4.84 -39 35 29 L middle frontal gyrus

T* HC>T* MDD 192 6.39 27 -40 2 R hippocampus

5.96 15 -46 5 R precuneus

5.26 18 -61 -1 R lingual gyrus

26 5.28 -24 -61 53 L superior parietal lobule

5.26 -36 -55 53 L inferior parietal lobule



Contrast Voxels Value (t or F) Peak Region

CC MDD>T* MDD (ERT) 50 5.72 -42 2 -10 L insula

49 5.44 -21 -46 2 L parahippocampal gyrus

36 5.6 -45 -31 8 L superior temporal lobe

26 5.37 -3 -58 5 L posterior cingulate cortex

CC MDD>T* MDD (SRT) 27 5.09 51 17 23 R inferior frontal gyrus

CC HC>T* HC (ERT) 375 6.9 -36 38 -7 L inferior orbital gyrus

6.39 -33 38 17 L middle frontal gyrus

280 5.96 33 35 -7 R inferior orbital gyrus

5.15 27 38 -22 R middle frontal gyrus

CC HC>T* HC (SRT) 59 5.18 -39 35 11 L inferior frontal gyrus

4.87 -39 38 -1 L inferior frontal gyrus pars triangularis

Table 12 – fMRI findings. Contrasts between groups are given, all p values are <0.05 whole brain family-wise error corrected. T*=carriers of the T allele
of rs1360780. CC homozigous=C homozigous for the C allele of rs1360780; L=left; R=right.



12.3.4 DTI

For a summary of our DTI results, see Table 13. Since activity in
the inferior frontal gyrus pars triangularis was found to differ during
SRT between C homozygous participants and T allele carriers also
in controls, we decided to study the DTI measures in this region in
controls as well, but found no significant difference (p=0.15).

Increased MD values were found in patients carrying the T allele
of rs1360780 compared to homozygous C patients in the left inferior
frontal gyrus pars triangularis, left and right rolandic operculum, left
and right insula, left and right Heschl gyrus.

Regarding FA values, we found them decreased in the left rolandic
operculum and in the left insula. Comparisons between the two
groups in the other regions of interest were not significant.



Region MD (MDD) Test (p) FA (MDD) Test (p)
T* CC T* CC

L inferior frontal gyrus 1.06*10
-6

0.98*10
-6 t=2.55 (0.02) 1.60*10

-1
1.61*10

-1 t=-0.54 (0.59)
R inferior frontal gyrus 0.96*10

-6
0.90*10

-6 t=1.69 (0.10) 1.53*10
-1

1.52*10
-1 t=0.27 (0.79)

L insula 1.02*10
-6

0.95*10
-6 t=2.52 (0.02) 1.58*10

-1
1.80*10

-1 t=-2.27 (0.03)
R insula 0.97*10

-6
0.91*10

-6 t=2.19 (0.04) 1.58*10
-1

1.71*10
-1 t=-1.95 (0.06)

L Heschl gyrus 1.11*10
-6

1.00*10
-6 t=2.49 (0.02) 1.52*10

-1
1.60*10

-1 t=-1.03 (0.31)
R Heschl gyrus 1.10*10

-6
1.00*10

-6 t=2.73 (<0.01) 1.11*10
-1

1.15*10
-1 t=-0.77 (0.45)

L posterior cingulate gyrus 0.87*10
-6

0.84*10
-6 t=1.05 (0.30) 2.82*10

-1
2.70*10

-1 t=0.53 (0.60)
R posterior cingulate gyrus 0.85*10

-6
0.82*10

-6 t=0.86 (0.40) 3.80*10
-1

3.59*10
-1 t=0.70 (0.49)

L parahippocampal gyrus 0.93*10
-6

0.92*10
-6 t=0.27 (0.80) 2.01*10

-1
2.00*10

-1 t=0.16 (0.87)
R parahippocampal gyrus 0.89*10

-6
0.89*10

-6 t<0.01 (1.00) 1.92*10
-1

1.96*10
-1 t=-0.82 (0.42)

L rolandic operculum 1.03*10
-6

0.93*10
-6 t=3.36 (<0.01) 1.59*10

-1
1.79*10

-1 t=-3.59 (<0.01)
R rolandic operculum 0.90*10

-6
0.85*10

-6 t=2.51 (0.02) 1.67*10
-1

1.73*10
-1 t=-1.13 (0.27)

Table 13 – DTI findings. The results of t-tests for the contrasts between C homozygous patients and T allele carrier
patients for rs1360780 are given, in each region that we tested. MD is expressed in 10

-3 mm2s-1. L=left,
R=right.



12.3.5 Interaction modelling

For a summary of our significant models, see Table 14.
Dependent variables used in our models were normally distributed

(Kolmogorov-Smirnov test p>0.05). Diagnostic procedures were run
on all linear models to ensure a good fit of the data, including stan-
dardised and non-standardised residual plotting and marginal model
plots.

Our model yielded a successful and valid fit, with the interaction
between rs1360780 allele status and CTQ scores being the only sig-
nificant predictor, for the left and right insula MD, the left rolandic
operculum MD and FA and for the left frontal inferior gyrus, pars
triangularis, MD. After correcting for multiple comparisons, the inter-
action was still significant for the left rolandic operculum, both for
MD and FA. Interestingly, the counfounding effects age and sex did
not show a predictive effect of MD and FA (Figure 16).

These models did not achieve a significant fit if the main effects
of CTQ scores and rs1360780 allele status were entered as separate,
non-interacting variables. In all other regions of interest, the interac-
tion between CTQ scores and rs1360780 allele status did not show any
significant role in predicting DTI measurements.

None of the independent variables included in our models were
successful at explaining the functional responses measured in any
of the clusters. We have also tested with an analogous general lin-
ear model the possible role of CTQ scores in predicting amygdalar
responses to negative emotional stimuli, as reported from previous
literature in healthy controls (Dannlowski et al., 2012). However, we
do not report any significant fit both for negative cognitive and emo-
tional trials (p>0.50).



Effect L insula MD R insula MD L rolandic operculum MD L rolandic operculum FA L inferior frontal gyrus MD

Sex F=0.85 (0.36) F=0.01 (0.92) F=0.17 (0.69) F=0.20 (0.66) F<0.01 (1.00)
Medication F=0.61 (0.55) F=0.26 (0.77) F=0.83 (0.44) F=0.89 (0.42) F=0.01 (0.99)
Age F=3.01 (0.09) F=2.70 (0.11) F=1.38 (0.25) F=0.01 (0.92) F=3.33 (0.77)
rs1360780*CTQ F=3.58 (0.04) F=4.51 (0.02) F=5.74 (<0.01)* F=5.92 (<0.01)* F=3.12 (0.05)

Table 14 – Results of our general linear models in depressed patients. For each region in which we found significant results, the F or t values and p are
given for the fit of the overall model and of each factor. rs1360780*CTQ=interaction between allele status and childhood trauma questionnaire
scores. L=left, R=right, MD=mean diffusivity, FA=fractional anisotropy. *Significant findings after family-wise error correction (p<0.0125).
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Figure 16 – Mean diffusivity (MD) and fractional anisotropy (FA) values in the left rolandic operculum in depressed patients as predicted by the Childhood Trauma
Questionnaire (CTQ) in our general linear model. CTQ has proven to be the only significant predictor of MD and FA values in this region, also surviving
multiple comparisons testing. Its effect shows an interaction with the genotype of patients, with the difference between the two genotypes becoming more
apparent the higher the CTQ score of the patient. MD is expressed in 10

-3 mm2s-1.



12.4 discussion

Our task was successful in highlighting differences between pa-
tients with MDD and healthy controls by showing a decreased re-
sponse to emotional stimuli for patients in several areas that have
already been extensively reported in the literature, such as the hip-
pocampus and temporal lobe, the prefrontal cortex and the posterior
cingulate (see Fitzgerald et al., 2008).

These areas were overall hypoactive in response to emotional stim-
uli in our participants carrying the T allele of rs1360780, suggesting
that this gene may indeed have an impact on areas relevant for the
disease even in healthy controls. Animal studies found the FKBP5

gene to be especially expressed in some of these regions, such as the
hippocampus (Scharf et al., 2011) and recent studies have shown the
impact of rs1360780 polymorphism on both anatomy and function of
this area in healthy subjects (Fani et al., 2013; Fani et al., 2014).

Moreover, a significant interaction between diagnosis and allele sta-
tus, mainly located in the superior temporal and parietal lobes, in the
orbitofrontal gyri and in the insula was found. The functional dif-
ferences in these areas could be exacerbated in the presence of both
the disease and the T allele of rs1360780. Regarding the insula and
superior temporal lobe, these regions have been found in MDD pa-
tients to consistently show a decreased activity during resting state
studies, a relative lack of activation during induction of negative af-
fect and an increase in activation with SSRI treatment (Fitzgerald et al.,
2008). Furthermore, the volume of the insular cortex has been found
to be negatively correlated to clinical symptoms in a sample of MDD

patients (Sprengelmeyer et al., 2011).
In our study, patients carrying the high risk T allele demonstrated

significantly reduced activity in the insula following emotional stim-
uli than CC homozygous patients. The same was not observed for
controls, suggesting that the effect of rs1360780 on the insula’s func-
tion could become apparent when additional factors come into ac-
count that are related to the disease. One such factor could be child-
hood maltreatment, that was significantly more pronounced in our
patients with MDD compared to controls. This finding is consistent
with the fact that the insula appears to deactivate in response to the
acute activation of the stress hormone axis (Pruessner et al., 2008),
such as the presentation of emotionally stressful material in our task.
Genetic regulation of GR function together with the imbalances of the



HPAA characteristic of depression could explain how insular activity
differs between subsets of patients.

Controls, on the other hand, exhibited differences in the middle
and inferior frontal and orbitofrontal gyri that mimic more closely our
findings from the overall contrast between allelic groups regardless
of diagnosis. The same could be said for the reduced activation in
the inferior frontal gyrus pars triangularis that we observed in both
patients and controls carrying the T allele of rs1360780, especially
during geometrical trials. This area is indeed specifically involved in
cognitively challenging tasks, such as our geometrical trials, and its
function has been found to be impaired in depressed patients (Harvey
et al., 2005).

There have been many reports of an altered function in the amyg-
dala in MDD during emotional processing (Sheline et al., 2001; Siegle
et al., 2007; Victor et al., 2010; Suslow et al., 2010; Stuhrmann, Suslow,
and Dannlowski, 2011) but we did not see any effect in this region in
our analysis. This could be due to a number of reasons. For example,
we have considered brain activity in response to a task where the pa-
tient was asked to assess emotional content or geometrical shape of a
picture. Therefore, the focus of our present analysis was on the cogni-
tive processing following the question and being attentional control
of emotion a core component of this task, we were mainly expect-
ing an involvement of cortical regions. Also, most studies reporting
abnormal amygdalar activation in depression and investigating their
links with other factors (such as childhood trauma) have used tai-
lored tasks designed to elicit strong responses in this area, such as
tasks involving emotionally salient faces (Sheline et al., 2001; Victor
et al., 2010; Suslow et al., 2010; Siegle et al., 2007; Dannlowski et al.,
2007; Dannlowski et al., 2012; Stuhrmann, Suslow, and Dannlowski,
2011). It is possible that our study design, which was focused on
an exploratory investigation of the interaction between disease, brain
function, structure and a high-risk genotype, did not have enough
power to investigate activation in such a small region.

DTI demonstrated that MD values in the insula and neighbouring
temporal regions are significantly different between patients carrying
the T allele of rs1360780 and those homozygous for the C allele. FA re-
sults, on the other hand, achieved significance in the left rolandic op-
erculum and insula, confirming a difference in microstructural prop-
erties of these areas.



Increased MD and reduced FA have been found to be associated
with axonal degeneration, demyelination, decreased axonal density
and incomplete white matter maturation (Alexander et al., 2011; Feld-
man et al., 2010). In healthy controls, the T allele of rs1360780 has
been found to be associated with structural abnormalities in the white
matter (Fani et al., 2014) and changes such as these have been re-
ported in patients with MDD as well (Frodl et al., 2012; Frodl et al.,
2011; Ugwu et al., 2014). Specifically, two studies (Abe et al., 2010;
Shimony et al., 2009) reported higher MD and lower FA scores in the
white matter of the prefrontal cortex. Our findings suggest that the
high-risk T allele of rs1360780 (and subsequent modifications in stress
hormone axis function) might have an impact on the diffusional prop-
erties of the grey matter of these areas as well. This might be due
to changes in axonal organization or maturation. Such changes, in
turn, might overlap with those associated with clinical depression
and therefore become more evident and be related to the altered func-
tion we have found in the same regions.

Finally, we would like to point out how, in our patient group, the
interaction between childhood abuse and genotype of rs1360780 suc-
cessfully explained MD scores in the left insula, in the left and right
rolandic operculum and in the left inferior frontal gyrus, as well as FA

in the left rolandic operculum. After correction for multiple compar-
isons, our finding was still significant in the left rolandic operculum,
both for MD and FA. This is consistent with previous literature on the
role of the allelic variants of FKBP5: a stressful environment achieves
phenotypical relevance towards the modification of the stress hor-
mone axis only in combination with the allelic variant, with child-
hood maltreatment having an especially significant impact (Binder et
al., 2008; Ising et al., 2008).

This study presents some noteworthy limitations. First of all, due
to the rarity of the T allele, we were forced to group homozygous
and heterozygous patients together to achieve a sufficient group size.
The sample overall is still small for a genetics study in each of the
groups, but our choice of this SNP was guided by previous consistent
literature documenting findings in large samples. Patients carrying
the T allele of rs1360780 were older than CC ones. We used age as a
covariate in all our linear models and those did not show a significant
prediction of MD and FA in our regions of interest, but we cannot ex-
clude that this difference might confound our results pertaining the
MDD group. Also, it is still unclear how rs1360780 might influence



brain activity in the reported regions. Since the GR receptor is ubiq-
uitously expressed, the relationship between the brain areas involved
in emotional regulation and the T allele of rs1360780 is likely to be ex-
tremely complex and still needs to be elucidated. Further studies are
therefore needed to confirm our findings in a larger sample and in re-
spect to possible molecular mechanisms of rs1360780 action. Also, we
could not take many other factors into consideration that might have
been associated with MDD, such as family history or environmental
variables besides childhood maltreatment. Furthermore, it is unclear
how low levels of FA such as the ones we detected might be related
to grey matter microstructure. Future studies should investigate the
white matter fiber tracts that connect the regions that we found to
be differentially active depending on rs1360780. Finally, many of our
MDD patients were medicated and, although no significant difference
in medication was found between the two genetically defined sub-
groups of patients and medication was used as a covariate in our
functional analysis, we cannot completely exclude that some of the
differences we reported between patients and controls might be due
to this factor.

12.5 conclusion

In summary, we showed for the first time that allelic variants in the
rs1360780 region of the FKBP5 gene are associated with differences
in regional brain activity during evaluation of emotional stimuli in
patients with MDD. Furthermore, these differences are mirrored by
changes in diffusional properties of the grey matter in the same re-
gions. These are in turn explained by the interaction between allele
status of rs1360780 and the amount of maltreatment during child-
hood.

Therefore, our findings provide further evidence that genetic varia-
tion in GR function, especially when coupled with a chronically stress-
ful environment in early life, might impact on brain structure in re-
gions involved with emotional processing, thus affecting brain func-
tion and possibly leading to an increased vulnerability for MDD.
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F K B P 5 M E T H Y L AT I O N A N D E M O T I O N
P R O C E S S I N G A R E A S

13.1 background

Our results outlined in Chapter 12 have shown that the rs1360780

SNP of FKBP5 plays a role in mediating the effects of childhood mal-
treatment on brain structure and function.

How exactly chronic stress might influence FKBP5 transcription and
its protein function is not known, but it has been suggested that their
interplay might be mediated by epigenetic mechanisms (Tyrka, Rid-
out, and Parade, 2016; Provencal and Binder, 2015). In support of
this view, treatment of human hippocampal progenitor cells with glu-
cocorticoids induced long-lasting demethylation of FKBP5 regulatory
intronic regions and increased its expression. This suggests that pro-
longed cortisol exposure may lead to demethylation at FKBP5 intronic
regions in cells, including multipotent neuronal cells (Klengel et al.,
2013). Recent work has expanded this finding to human populations
by showing that exposure to chronically high cortisol levels in Cush-
ing syndrome was associated with lower DNA methylation level of
FKBP5 introns assessed in white blood cells (Resmini et al., 2016). De-
creased methylation was also observed in DNA taken from saliva
samples of maltreated children (Tyrka et al., 2015) and in whole blood
and saliva samples of adult victims of childhood trauma (Klengel et
al., 2013). However, other studies have shown increased rather than
lower intronic FKBP5 methylation levels following current and past
chronic stress (Needham et al., 2015; Yehuda et al., 2016). Therefore,
current findings suggest that methylation levels at regulatory regions
might constitute a link between FKBP5 expression and both endocrine
as well as environmental stress, although the directionality of their
correlation remains uncertain.

It is also still unclear which role FKBP5 might play in the struc-
tural and functional brain differences detected between MDD patients
and HC. As outlined in Chapter 12, several MRI studies have inves-
tigated grey matter volume, white matter integrity and neural re-
sponses to stimuli in patients carrying high-risk allele variants of



FKBP5 rs1360780 SNP relative to individuals without a risk allele, high-
lighting structural and functional differences in brain areas involved
in emotional processing (Hirakawa et al., 2016; Fujii et al., 2014; Tozzi
et al., 2015; Fani et al., 2014; Holz et al., 2014; White et al., 2012). None
of them, however, took into account epigenetic modifications of the
gene.

After conducting a study assessing rs1360780, FKBP5 epigenetics,
exposure to early chronic stress and hippocampal volume, Klengel
et al., 2013 provided the first evidence for a comprehensive model in
which allelic status leads to differences in the transcription of FKBP5

in response to glucocorticoid receptor activation after childhood mal-
treatment. These changes would in turn lead to FKBP5 intron demethy-
lation and volume decrease in the hippocampus. Similarly, Resmini
et al., 2016 also found smaller hippocampal volumes in association
with lower methylation level of FKBP5 introns 2 and 7 in Cushing syn-
drome patients. The first study investigating the interaction of MDD,
FKBP5 allele status, methylation and grey matter changes in depressed
patients has only recently been conducted (Han et al., 2017). In this
work, the T allele of rs1360780 was associated with volume reduction
of portions of the frontal and parietal cortex, but exclusively in pa-
tients. Interestingly, an effect of FKBP5 methylation on right frontopo-
lar gyrus grey matter thickness was detected in participants regard-
less of diagnosis, but dependent on rs1360780 allelic status. Overall
the authors provide further evidence that rs1360780 and MDD have in-
teractive effects on gray matter volumes of cortical regions involved
in emotion processing and mood regulation. In addition to this, FKBP5

methylation might predict changes in the structure of these areas de-
pending on rs1360780.

To our knowledge, no studies have yet assessed whether structural
changes associated with FKBP5 allelic status and methylation also pre-
dict functional ones in the same regions. Furthermore, childhood
adversity has been shown to play a role in FKBP5 methylation and to
interact with rs1360780 in predicting changes in brain structure and
function (Gillespie et al., 2009; Tozzi et al., 2015; Klengel et al., 2013).
These interactions have not yet been explored in MDD, as highlighted
by Han et al. as a limitation of their study (Han et al., 2017).

Our goal was therefore to investigate, in MDD patients and HC, the
relationship between epigenetic modifications in FKBP5 with allelic
status of rs1360780, exposure to childhood adversity and structural
as well as functional brain measures.



Since Resmini et al., 2016 found more pronounced effects at CG-
6 and CG-7 in the intron 7 region of FKBP5 (rs1360780 is located in
intron 2), we limited our analyses to these two sites, which are in
or close proximity to a glucocorticoid response element (GRE) (see
supplementary figure 2 in ref. Klengel et al., 2013). We investigated
the methylation level of these CG-sites in whole blood DNA samples,
expecting to find lower mean methylation levels in MDD patients ex-
pressing the T allele of rs1360780 and exposed to childhood abuse,
compatibly with (Klengel et al., 2013).

We then acquired structural MRI scans of our participants as well as
functional ones during an emotion recognition task that consistently
showed activation in emotional processing areas in the past (Lisiecka
et al., 2011; Tozzi et al., 2015; Tozzi et al., 2016). We used a ROI ap-
proach, targeting parts of the brain that are known to be involved in
emotion recognition and to be especially affected in MDD, in particu-
lar the medial and lateral prefrontal cortex, amygdala, insula and hip-
pocampus (Phillips, Ladouceur, and Drevets, 2008; Drevets, Savitz,
and Trimble, 2008). We hypothesized that lower whole blood FKBP5

methylation would also be correlated with lower grey matter content
in some of these areas (Klengel et al., 2013; Han et al., 2017). We
then investigated correlations of FKBP5 methylation and brain hemo-
dynamic responses selectively in regions where it predicted grey mat-
ter concentration.

Finally, we assessed if the regions whose activity and grey matter
concentration were correlated with FKBP5 methylation were also rel-
evant for depression psychopathology, by comparing them between
MDD and HC and by correlating their function with measures of symp-
toms severity.

13.2 materials and methods

13.2.1 Sample

The study was run on a subset of our complete dataset, comprising
participants from the CAMI and TCIN sites (see Chapter 7). It included
in total 60 adult patients with MDD and 56 HC.



13.2.2 Rating Instruments

Self and observer rated scales were also filled out for all partici-
pants (see Chapter 8 for details).

As measures of clinical severity, the HAMD (Hamilton, 1986) and
BDI (Beck et al., 1961) were used.

The CTQ was also used to assess adversity during childhood and
teenage years (Bernstein, D. P and Fink, L., 1998). The sum of its
five sub-items (emotional, physical and sexual abuse, emotional and
physical neglect) was calculated and used as a continuous variable to
evaluate the severity of childhood maltreatment for each participant.

13.2.3 Genetic analysis

See Chapter 9 for details on the genetic and epigenetic analyses.
All genotypes were found to be concordant with available online

HapMapdata. All non-template samples returned a negative result.
rs1360780 was in Hardy-Weinberg equilibrium (p>0.05) in this sam-
ple.

Our test SNP at FKBP5 has a minor allele frequency of 0.42 according
to the University of California Santa Cruz Genome Browser. T is the
minor allele and because homozygous TT samples were rare in our
sample, we grouped them with heterozygous TC samples for analysis
(T*).

13.2.4 Demographic and clinical measures

All statistical analyses were conducted using SPSS version 22 (IBM
Corp). Demographic variables and clinical test scores were compared
between MDD and controls using independent t-tests (age, methyla-
tion percentage), chi-square tests (sex, rs1360780) and Mann-Whitney
U tests (CTQ, HAMD, BDI). The same tests were also conducted to
compare participants based on the site and rs1360780 variables (Table
16).

13.2.5 Predictors of FKBP5 methylation

We entered FKBP5 methylation percentage as dependent variable in
a full factorial GLM that had the following independent variables: di-
agnosis (binary: HC or MDD), site (binary: CAMI or TCIN), sex (binary:



male or female), rs1360780 (binary: CC or T*), age (continuous), CTQ

total score (continuous) as well as all 4 possible interactions between
rs1360780 allele status, diagnosis and CTQ total score. Upon identi-
fication of significant interactions, the post-hoc models were rerun
splitting the data for the interacting factors. Within the MDD group,
medication was added as a binary factor (medicated, unmedicated).

13.2.6 Magnetic resonance imaging

See Chapter 10 for details on the fMRI sequence and task employed
as well as for details on the analysis of hits and reaction times during
the task.

13.2.6.1 Preprocessing

Data was analysed with SPM12 and preprocessed as described in
Chapter 10.

After motion correction of the fMRI data, 4 patients and 3 controls
were excluded from the sample, resulting in a final size of 50 controls
and 56 MDD patients.

13.2.6.2 Voxel-based morphometry

The segmentation pipeline of CAT12 was run on all T1 images using
default parameters to obtain MNI normalized and modulated struc-
tural segmented data for all subjects as outlined in Chapter 10.

Warping fields for the forward transformation to MNI space were
saved and then applied to the functional data of each corresponding
subject. The anatomical images passed quality control as provided by
CAT12 and the sample was homogeneous. TIV was also estimated and
saved for each subject for subsequent VBM.

13.2.6.3 First level analysis

A first-level GLM analysis was conducted on the normalized func-
tional data, using a canonical HRF as response function and a high-
pass filter of 128 s. Our 6 regressors of interest (times at which the
questions were presented) were entered in the GLM along with the 6

motion parameters of each subject.
T-tests were then conducted on ERT>SRT first-level contrasts for

each emotional valence (neutral, negative and positive), thus repre-



senting brain response to the evaluation of each emotion elicited by
the pictures in comparison to that of their shape.

13.2.6.4 ROI definition

The AAL (Maldjian et al., 2003) as provided in the CAT12 toolbox,
was used to identify the following emotional processing structures
(left and right): superior frontal gyrus, superior frontal orbital gyrus,
middle frontal gyrus, middle frontal orbital gyrus, inferior frontal
operculum, inferior frontal gyrus, inferior frontal orbital gyrus, supe-
rior medial frontal gyrus, medial frontal orbital gyrus, insula, anterior
cingulum, hippocampus and amygdala, for a total of 13 ROIs on each
side (see Table 15 for ROI details).

Mean activity change from the first level ERT>SRT contrast for each
emotional valence, as well as the mean grey matter concentration
were extracted for each of the ROIs. These values and estimated total
intracranial volume were then entered into SPSS Statistics version 22

(IBM Corp) for statistical analysis.



Region Name Volume (mm3) Centre

L superior frontal gyrus L SFG 26.23 -19 33 40

R superior frontal gyrus R SFG 28.57 19 31 42

L superior frontal orbital gyrus L SFOG 7.65 -18 44 -15

R superior frontal orbital gyrus L SFOG 7.24 15 45 -16

L middle frontal gyrus L MFG 37.04 -35 29 33

R middle frontal gyrus R MFG 38.81 36 32 34

L middle frontal orbital gyrus L MFOG 6.54 -31 47 -11

R middle frontal orbital gyrus R MFOG 7.76 29 52 -12

L inferior frontal operculum L IFO 7.67 -47 10 13

R inferior frontal operculum R IFO 9.11 48 14 18

L inferior frontal gyrus L IFG 17.18 -45 28 9

R inferior frontal gyrus R IFG 15.39 46 30 11

L inferior frontal orbital gyrus L IFGO 12.59 -35 28 -15

R inferior frontal orbital gyrus R IFGO 13.09 37 31 -14

L superior medial frontal gyrus L SMF 21.33 -7 47 29

R superior medial frontal gyrus R SMF 15.30 6 49 28

L medial frontal orbital gyrus L MFO 4.83 -7 51 -11

R medial frontal orbital gyrus R MFO 6.23 5 49 -10

L insula L INS 12.70 -36 2 1

R insula R INS 12.19 36 3 1

L anterior cingulate L ACC 10.37 -5 33 11

R anterior cingulate R ACC 9.68 7 35 15

L hippocampus L HIP 7.03 -25 -24 -12

R hippocampus R HIP 6.74 27 -23 -12

L amygdala L AMY 1.56 -25 -5 -19

R amygdala R AMY 1.64 24 -4 -20

Table 15 – ROIs used for the analysis. For each region of interest we selected from
the automatic anatomical labeling atlas, the following characteristics are
shown: abbreviation, name, number of voxels, volume in mm3 and centre
Montreal Neurological institute coordinates.

13.2.6.5 Effect of FKBP5 methylation on brain structure and function

First, we ran a model for each of our 13 ROIs as follows. GM con-
centration was set as dependent variable (continuous). To limit the
number of models in analyses, since we did not expect strongly lat-
eralized effects of blood FKBP5 methylation percentage, we added the
within-subject variable “ROI side” (factor with 2 levels: left and right)
to the model. Between subjects independent variables were age, site,
sex, rs1360780, diagnosis, FKBP5 methylation percentage and TIV (con-
tinuous). All main effects as well as all possible interactions between
FKBP5 methylation, diagnosis and rs1360780 were tested using Wald



χ2 tests, considering significant a p<0.05 FDR corrected for multiple
comparisons (Benjamini, 2010).

We then assessed fMRI changes in our ROIs. First of all, to con-
firm that they showed significant BOLD activity in our experimental
conditions, we conducted one-sample t-tests on their mean ERT>SRT

response across all participants and excluded ROIs for which there
was no significant activation (p>0.05). Then, we conducted another
generalized estimating equations (GEE) analysis, defining activation
as measured by our contrast values as dependent variable (continu-
ous). Independent within-subject variables were ROI side and, since
we did not expect correlates of blood FKBP5 methylation to be valence-
specific, emotional valence (factor with 3 levels: neutral, negative and
positive). Between subjects independent variables were site, age, sex,
diagnosis, rs1360780 and FKBP5 methylation percentage. As before, all
main effects as well as all possible interactions between FKBP5 methy-
lation, diagnosis and rs1360780 were tested, considering significant a
p<0.05 FDR corrected for multiple comparisons (Benjamini, 2010).

Finally, since we found a main effect of diagnosis for inferior frontal
gyrus pars orbitalis (IFGO) activation, we tested whether this was
predicted by symptoms severity within the MDD group using a GEE

model including independent variables site, age, sex, medication,
rs1360780 and BDI total score and HAMD total score (continuous) re-
spectively.

13.3 results

13.3.1 Demographics and behavioural

Demographic information of our samples along with questionnaire
scores and tests are summarised in Table 16. CTQ scores were higher
in patients (p<0.01) and controls showed a median total score close
to the minimum possible of 25. No differences were detected regard-
ing mean age or sex and T allele distribution between patients and
controls (all tests p>0.05). Methylation of the FKBP5 intron 7 CG-6
and CG-7 sites were strongly correlated (r=0.56, p<0.01). Methylation
levels in T* participants (mean=61.15 ± 4.27) and those in CC par-
ticipants (mean=60.53 ± 3.66) were not significally different (t=0.78,
p=0.33). Smokers had comparable methylation levels to non-smokers
(t=0.80, p=0.94). Data from the two sites did not significantly dif-
fer for age, mean FKBP5 intron methylation, sex, number of smokers,



rs1360780, CTQ, HAMD and BDI. The same was true for T* and CC
participants (all tests p>0.05).



CAMI TCIN Test (p)
HC MDD HC MDD

N 29 31 21 25

Age (years) 38.28± 12.40 40.42± 9.72 34.00± 11.63 37.76± 13.17 F=1.26 (0.29)
Sex (F/M) 17/12 21/10 13/8 15/10 χ2=0.61 (0.89)
Smoking (yes/no) 5/24 8/23 3/18 8/17 χ2=2.75 (0.43)
rs1360780 (CC/T*) 13/16 16/15 9/12 10/15 χ2=0.83 (0.84)
FKBP5 methylation 60.74± 3.36 62.11± 3.69 59.36± 3.77 60.75± 4.89 F=2.06 (0.11)
HAMD 2 (0-7) 29 (17-45) 0 (0-5) 23 (6-31) KW=84.11 (<0.01)
BDI 1 (0-12) 31 (5-59) 1 (0-13) 34 (17-51) KW=69.08 (<0.01)
CTQ 30 (25-48) 40 (25-88) 28 (25-53) 36 (25-82) KW=21.28 (<0.01)
Medication 9/12/7/3 4/14/5/2 χ2=2.00 (0.74)
Illness duration (years) 14 (0.70-14.40) 4.42 (0-56) U=5.62 (0.02)

Table 16 – Demographic and questionnaire scores. For parametric variables, mean and standard deviation are given.
For non-parametric variables, the median as well as minimum and maximum values are given. Medication
is expressed as none/SSRI/SNRI/other (antipsychotic or agomelatine) CTQ=childhood trauma questionnaire;
HAMD=Hamilton rating scale for depression, BDI=Beck depression inventory; SSRI=selective serotonin reup-
take inhibitors; SNRI=serotonin-norepinephrine reuptake inhibitors.



13.3.2 Behavioural analysis

Concerning the number of hits, we detected an interaction between
diagnosis, trial type and valence (Wald χ2=10.11, p<0.01). Analysing
individual trials, patients showed less hits especially in neutral and
positive ERT (Table 17).

We detected a significant interaction between diagnosis and trial
type in predicting response times (Wald χ2=5.17, p=0.02). Post-hoc
testing revealed that MDD were overall slower in responding to SRT

(Wald χ2=4.87, p=0.03). This effect was especially present in negative
and positive SRT (Wald χ2=5.09, p=0.02, Table 17).

Allele rs1360780 did not show any effect on number of hits or re-
sponse times.

Effect HC MDD Wald χ2 (p)

Hits ERT Neu 22.51± 4.32 23.80± 3.96 3.97 (0.046)
Hits ERT Neg 25.83± 4.20 24.14± 5.87 2.49 (0.11)
Hits ERT Pos 24.70± 4.75 22.42± 5.91 5.49 (0.02)
Hits SRT Neu 26.36± 4.40 24.34± 5.98 3.41 (0.06)
Hits SRT Neg 25.26± 3.98 24.16± 4.95 1.21 (0.27)
Hits SRT Pos 25.45± 4.21 24.52± 5.04 0.79 (0.37)
RT ERT Neu (s) 1.38± 0.33 1.46± 0.34 0.48 (0.49)
RT ERT Neg (s) 1.24± 0.33 1.33± 0.32 0.98 (0.34)
RT ERT Pos (s) 1.20± 0.28 1.27± 0.27 0.52 (0.47)
RT SRT Neu (s) 1.25± 0.30 1.37± 0.30 2.60 (0.12)
RT SRT Neg (s) 1.23± 0.34 1.40± 0.36 5.09 (0.02)
RT SRT Pos (s) 1.26± 0.29 1.40± 0.28 3.78 (0.05)

Table 17 – Task performance. Hits and incorrect responses are given as counts, re-
action times (RT) are given as mean±standard deviation. HC=healthy
controls; MDD=depressed patients; ERT=emotional recognition trials;
SRT=shape recognition trials; Neu=neutral; Neg=negative; Pos=positive.

13.3.3 Predictors of FKBP5 methylation

Our GLM analysis (see Table 18 for model information) returned a
significant effect for the triple interaction between diagnosis, rs1360780

and CTQ (F=4.06, p=0.047). Post-hoc testing revealed a significant role
for higher CTQ in predicting lower mean FKBP5 intron methylation in
the T* MDD group (F=4.95, p=0.036, Figure 17). In the GLM, a signif-
icant interaction between diagnosis and rs1360780 was also detected
(F=5.05, p=0.03). Post-hoc testing showed a higher mean FKBP5 in-



tron methylation in patients among participants carrying the T allele
(F=4.35, p=0.042).

Effect F-test (p)

Diagnosis 2.53 (0.13)
Site 3.21 (0.06)
Sex 17.99 (<0.01)
rs1360780 0.19 (0.65)
Age 0.87 (0.40)
CTQ 0.46 (0.51)
Diagnosis*rs1360780 5.05 (0.03)
rs1360780*CTQ 0.77 (0.38)
Diagnosis*CTQ 1.40 (0.23)
Diagnosis*rs1360780*CTQ 4.16 (0.047)

Table 18 – Results for our general linear model predicting mean peripheral FKBP5

intron 7 methylation across all participants. A significant interaction
between diagnosis, rs1360780 allele status and CTQ was found (F=4.16,
p=0.047). CTQ=childhood trauma questionnaire.

Figure 17 – Correlation between peripheral mean FKBP5 methylation in T* patients
and CTQ scores. Lower peripheral DNA methylation of FKBP5 intron 7

was associated to a higher exposure to childhood adversity in patients
carrying the T allele of rs1360780 (F=4.95, p=0.04). Methylation values
are adjusted for age, sex, sex, site and medication (residuals) and a least-
squares fit line is shown along with the 95% confidence interval of the
mean. Fit, effect size and slope of the correlation are given in the legend.
CTQ=childhood trauma questionnaire.



13.3.4 Effect of FKBP5 methylation on brain structure and function

Our GEE models investigating the role of mean FKBP5 intron methy-
lation in predicting gray matter concentration (see Table 19 for mod-
els summary) returned a significant main effect for the IFGO across all
participants (Wald chi-square=11.93, pFDR<0.01, Figure 18).

Region Effect Wald χ2 (pFDR)

AMY Diagnosis 0.01 (0.98)

rs1360780 1.27 (0.56)

FKBP5 methylation 0.35 (0.74)

Diagnosis*rs1360780 0.62 (0.71)

Diagnosis*FKBP5 methylation 0 (0.98)

rs1360780*FKBP5 methylation 1.23 (0.58)

Diagnosis*rs1360780*FKBP5 methylation 0.66 (0.71)

ACC Diagnosis 0.79 (0.71)

rs1360780 0.03 (0.93)

FKBP5 methylation 0.03 (0.94)

Diagnosis*rs1360780 2.85 (0.24)

Diagnosis*FKBP5 methylation 0.63 (0.71)

rs1360780*FKBP5 methylation 0.04 (0.93)

Diagnosis*rs1360780*FKBP5 methylation 2.76 (0.26)

HIP Diagnosis 0.18 (0.79)

rs1360780 1.62 (0.47)

FKBP5 methylation 0.97 (0.64)

Diagnosis*rs1360780 0.65 (0.71)

Diagnosis*FKBP5 methylation 0.13 (0.84)

rs1360780*FKBP5 methylation 1.82 (0.43)

Diagnosis*rs1360780*FKBP5 methylation 0.66 (0.71)

IFG Diagnosis 1.52 (0.50)

rs1360780 0.29 (0.76)

FKBP5 methylation 1.4 (0.53)

Diagnosis*rs1360780 0.56 (0.71)

Diagnosis*FKBP5 methylation 1.41 (0.53)

rs1360780*FKBP5 methylation 0.23 (0.77)



Region Effect Wald χ2 (pFDR)

Diagnosis*rs1360780*FKBP5 methylation 0.76 (0.71)

IFO Diagnosis 0.56 (0.71)

rs1360780 0.2 (0.78)

FKBP5 methylation 3.69 (0.17)

Diagnosis*rs1360780 0.00 (0.98)

Diagnosis*FKBP5 methylation 0.71 (0.71)

rs1360780*FKBP5 methylation 0.28 (0.76)

Diagnosis*rs1360780*FKBP5 methylation 0.00 (0.98)

IFGO Diagnosis 0.24 (0.77)

rs1360780 0.51 (0.71)

FKBP5 methylation 11.93 (<0.01)*

Diagnosis*rs1360780 0.28 (0.76)

Diagnosis*FKBP5 methylation 0.36 (0.74)

rs1360780*FKBP5 methylation 0.59 (0.71)

Diagnosis*rs1360780*FKBP5 methylation 0.23 (0.77)

INS Diagnosis 0.53 (0.71)

rs1360780 0.01 (0.97)

FKBP5 methylation 2.67 (0.26)

Diagnosis*rs1360780 0.52 (0.71)

Diagnosis*FKBP5 methylation 0.53 (0.71)

rs1360780*FKBP5 methylation 0.02 (0.96)

Diagnosis*rs1360780*FKBP5 methylation 0.57 (0.71)

MFO Diagnosis 4.47 (0.12)

rs1360780 0.58 (0.71)

FKBP5 methylation 4.55 (0.10)

Diagnosis*rs1360780 0.13 (0.84)

Diagnosis*FKBP5 methylation 4.74 (0.10)

rs1360780*FKBP5 methylation 0.75 (0.71)

Diagnosis*rs1360780*FKBP5 methylation 0.24 (0.77)

MFG Diagnosis 0.35 (0.75)

rs1360780 0.73 (0.71)

FKBP5 methylation 0.01 (0.98)

Diagnosis*rs1360780 1.04 (0.63)



Region Effect Wald χ2 (pFDR)

Diagnosis*FKBP5 methylation 0.3 (0.76)

rs1360780*FKBP5 methylation 0.82 (0.70)

Diagnosis*rs1360780*FKBP5 methylation 1.1 (0.61)

MFOG Diagnosis 0.01 (0.98)

rs1360780 0.6 (0.71)

FKBP5 methylation 2.28 (0.33)

Diagnosis*rs1360780 0.98 (0.63)

Diagnosis*FKBP5 methylation 0.03 (0.94)

rs1360780*FKBP5 methylation 0.61 (0.71)

Diagnosis*rs1360780*FKBP5 methylation 1.09 (0.62)

SFG Diagnosis 0.52 (0.71)

rs1360780 0.00 (1.00)

FKBP5 methylation 0.22 (0.77)

Diagnosis*rs1360780 0.25 (0.77)

Diagnosis*FKBP5 methylation 0.47 (0.72)

rs1360780*FKBP5 methylation 0 (0.98)

Diagnosis*rs1360780*FKBP5 methylation 0.28 (0.76)

SFO Diagnosis 0.37 (0.74)

rs1360780 0.09 (0.88)

FKBP5 methylation 3.03 (0.22)

Diagnosis*rs1360780 1.93 (0.41)

Diagnosis*FKBP5 methylation 0.33 (0.75)

rs1360780*FKBP5 methylation 0.09 (0.88)

Diagnosis*rs1360780*FKBP5 methylation 1.73 (0.45)

SMF Diagnosis 0.38 (0.74)

rs1360780 0.39 (0.74)

FKBP5 methylation 0.42 (0.74)

Diagnosis*rs1360780 0.05 (0.91)

Diagnosis*FKBP5 methylation 0.43 (0.74)

rs1360780*FKBP5 methylation 0.42 (0.74)

Diagnosis*rs1360780*FKBP5 methylation 0.06 (0.91)



Region Effect Wald χ2 (pFDR)

Table 19 – Effects of interest for our models predicting gray matter concen-
tration across all participants. We detected a significant nega-
tive prediction (*) of mean FKBP5 intron methylation in the IFGO
(Wald chi-square=11.41, pFDR<0.01). Main effects of site, sex, age,
total intracranial volume, side were included in the models but
are not shown for brevity. For region abbreviations, see Table 15;
IFGO=inferior frontal gyrus pars orbitalis.

Figure 18 – Correlation between IFGO mean GM concentration and peripheral mean
FKBP5 methylation across all participants. Lower peripheral DNA methy-
lation of FKBP5 intron 7 was associated to a lower mean GM concentration
(Wald chi-square=11.9341, pFDR<0.01, to account for 13 regions). GM val-
ues are adjusted for site, age, TIV, diagnosis, sex, medication, rs1360780

and side (residuals) and a least-squares fit line is shown along with the
95% confidence interval of the mean. Fit, effect size and slope of the
correlation are given in the legend. IFGO=inferior frontal gyrus pars or-
bitalis; GM=gray matter.

All ROIs were significantly activated in the ERT>SRT contrast across
all participants across all valences (all p<0.001), with the exception
of the inferior frontal gyrus pars opercularis (t=-0.25, p=0.80), insula
(t=0.36, p=0.72), middle frontal gyrus pars orbitalis (t=-1.70, p=0.09)
and superior frontal gyrus pars orbitalis (t=-0.93, p=0.35), which were
therefore excluded from the functional analysis.

In the IFGO, we found a significant interaction between diagno-
sis and FKBP5 intron methylation in predicting functional responses
(Wald chi-square=6.57, pFDR=0.049, see Table 20 for models summary).



Region Effect Wald χ2 (pFDR)

AMY Diagnosis 0.51 (0.67)

rs1360780 0.01 (0.94)

FKBP5 methylation 1.5 (0.50)

Diagnosis*rs1360780 2.02 (0.41)

Diagnosis*FKBP5 methylation 0.45 (0.68)

rs1360780*FKBP5 methylation 0.03 (0.92)

Diagnosis*rs1360780*FKBP5 methylation 2.20 (0.40)

ACC Diagnosis 0.54 (0.67)

rs1360780 0.60 (0.67)

FKBP5 methylation 0.35 (0.71)

Diagnosis*rs1360780 0.6 (0.67)

Diagnosis*FKBP5 methylation 0.33 (0.72)

rs1360780*FKBP5 methylation 0.94 (0.63)

Diagnosis*rs1360780*FKBP5 methylation 0.73 (0.67)

HIP Diagnosis 0.03 (0.93)

rs1360780 0.26 (0.75)

FKBP5 methylation 1.14 (0.57)

Diagnosis*rs1360780 0.41 (0.68)

Diagnosis*FKBP5 methylation 0.03 (0.92)

rs1360780*FKBP5 methylation 0.41 (0.68)

Diagnosis*rs1360780*FKBP5 methylation 0.53 (0.67)

IFG Diagnosis 1.12 (0.57)

rs1360780 4.7 (0.13)

FKBP5 methylation 0.52 (0.67)

Diagnosis*rs1360780 0.74 (0.67)

Diagnosis*FKBP5 methylation 1.14 (0.57)

rs1360780*FKBP5 methylation 5.09 (0.09)

Diagnosis*rs1360780*FKBP5 methylation 0.78 (0.67)

IFGO Diagnosis 6.13 (0.05)

rs1360780 0.22 (0.78)

FKBP5 methylation 0.63 (0.67)

Diagnosis*rs1360780 0.69 (0.67)

Diagnosis*FKBP5 methylation 6.57 (0.049)*



Region Effect Wald χ2 (pFDR)

rs1360780*FKBP5 methylation 0.12 (0.84)

Diagnosis*rs1360780*FKBP5 methylation 0.67 (0.67)

MFO Diagnosis 1.76 (0.42)

rs1360780 0.52 (0.67)

FKBP5 methylation 2.19 (0.40)

Diagnosis*rs1360780 0.01 (0.94)

Diagnosis*FKBP5 methylation 1.94 (0.41)

rs1360780*FKBP5 methylation 0.44 (0.68)

Diagnosis*rs1360780*FKBP5 methylation 0.01 (0.95)

MFG Diagnosis 0.6 (0.67)

rs1360780 3.58 (0.22)

FKBP5 methylation 0.05 (0.91)

Diagnosis*rs1360780 0.16 (0.81)

Diagnosis*FKBP5 methylation 0.49 (0.67)

rs1360780*FKBP5 methylation 3.05 (0.27)

Diagnosis*rs1360780*FKBP5 methylation 0.15 (0.81)

SFG Diagnosis 1.25 (0.57)

rs1360780 1.88 (0.41)

FKBP5 methylation 0.85 (0.66)

Diagnosis*rs1360780 0.04 (0.92)

Diagnosis*FKBP5 methylation 1.07 (0.58)

rs1360780*FKBP5 methylation 2.00 (0.41)

Diagnosis*rs1360780*FKBP5 methylation 0.04 (0.92)

SMF Diagnosis 1.99 (0.41)

rs1360780 4.06 (0.15)

FKBP5 methylation 0.63 (0.67)

Diagnosis*rs1360780 0.53 (0.67)

Diagnosis*FKBP5 methylation 1.91 (0.41)

rs1360780*FKBP5 methylation 4.64 (0.13)

Diagnosis*rs1360780*FKBP5 methylation 0.63 (0.67)



Region Effect Wald χ2 (pFDR)

Table 20 – Results for our models predicting activation for ERT>SRT across
all participants. We detected a significant interaction (*) between
mean FKBP5 intron methylation and diagnosis in the IFGO (Wald
χ2==6.57, pFDR=0.049). Main effects of site, sex, age, valence, side
were included in the models but are not shown for brevity. For re-
gion abbreviations, see Table 15; IFGO=inferior frontal gyrus pars
orbitalis.

Post-hoc investigation revealed that FKBP5 intron methylation showed
a negative correlation with activation only in MDD regardless of va-
lence and side (see Table 21 for model summary, Wald chi-square=5.58,
p=0.02, Figure 19).

Effect Wald χ2 (p)

Site 16.68 (<0.01)
Sex 0.31 (0.58)
Medicated 3.40 (0.07)
Age 6.78 (0.01)
Side 16.53 (<0.01)
rs1360780 1.65 (0.20)
Valence 0.88 (0.64)
FKBP5 methylation 5.58 (0.02)
rs1360780*FKBP5 methylation 1.71 (0.19)

Table 21 – Results for our generalized estimating equation models predicting mean
activation for ERT>SRT in MDD patients in the IFGO. We detected a sig-
nificant negative prediction of mean FKBP5 intron methylation (Wald
chi-square=5.58, p=0.02). IFGO=inferior frontal gyrus pars orbitalis;
df=degrees of freedom; ERT=emotion recognition trials; SRT=shape recog-
nition trials.



Figure 19 – Correlation between IFGO mean activation and peripheral mean FKBP5
methylation in MDD. Lower peripheral DNA methylation of FKBP5 in-
tron 7 was associated to a lower activation in ERT>SRT in patients carry-
ing the T allele of rs1360780 (Wald χ2==5.58, p=0.02). Activation values
are adjusted for site, age, TIV, sex, medication, rs1360780, valence and
side (residuals) and a least-squares fit line is shown along with the 95%
confidence interval of the mean. Fit, effect size and slope of the correla-
tion are given in the legend. IFGO=inferior frontal gyrus pars orbitalis,
ERT=emotional recognition trials, SRT=shape recognition trials.

GM concentration in the IFGO was not different between MDD and
HC (Wald chi-square=0.37, pFDR=0.76). However, its activation was
lower in MDD compared to HC regardless of valence, age, side and
rs1360780 allele status (Wald chi-square=3.88, pFDR=0.049). Its acti-
vation was also significantly negatively correlated with BDI in MDD

(Wald chi-square=4.65, p=0.03).

13.4 discussion

Firstly, our study supports the hypothesis that, in the subpopu-
lation of MDD patients carrying the high-risk T allele of rs1360780,
methylation of FKBP5 introns is higher and correlated to exposure to
chronic stress in early life. This finding is present in numerous stud-
ies, both preclinical (Klengel et al., 2013) and clinical ones ranging
across several chronic stress conditions (Tyrka, Ridout, and Parade,
2016; Provencal and Binder, 2015; Resmini et al., 2016; Tyrka et al.,
2015; Klengel et al., 2013). We therefore expand to patients show-
ing depressive symptoms the notion that FKBP5 demethylation is a
correlate of exposure to childhood adversity, highlighting the role of
rs1360780 as a moderator of this effect.



Furthermore, across all participants, lower FKBP5 intron methyla-
tion levels were associated with reduced grey matter concentration in
the inferior frontal orbital gyrus. This region has been associated with
response inhibition in general (Aron, Robbins, and Poldrack, 2004;
Chikazoe et al., 2007) and, in particular, reappraisal and modulation
of negative emotion (Goldin et al., 2008; Blair et al., 2007). Overall,
several studies hint at structural changes in the orbitofrontal cortex in
MDD (Phillips et al., 2003b; Sexton, Mackay, and Ebmeier, 2013; Brem-
ner et al., 2002; Lacerda et al., 2004; Drevets, 2007), a finding that was
confirmed at a meta-analytical level (Kempton et al., 2011). In a recent
study comparing youths with post-traumatic stress disorder and con-
trols, a negative association between grey matter in this region and
evening cortisol levels across all participants was shown, regardless of
diagnosis (Carrion et al., 2010). Though causality could not be tested
yet, our results suggest that FKBP5 methylation might be related to
GR function in chronic stress conditions regardless of diagnosis and
might influence the structural integrity of the inferior frontal orbital
gyrus, similar to what has been observed in the prefrontal cortex of
rats (Guidotti et al., 2013). Since cortisol measures were not available
and childhood adversity was considerably more present in our de-
pressed patients, we can provide supporting evidence for this theory
only in our MDD T* group, in which FKBP5 intron demethylation was
specifically explained by exposure to childhood adversity.

We found activation of the IFGO to be reduced in MDD patients
compared to HC, and to be inversely correlated with the self-reported
intensity of symptoms. Interestingly, in this group, FKBP5 methyla-
tion was negatively correlated with IFGO hemodynamic response dur-
ing our emotional recognition task. This finding is surprising, since
after observing that lower FKBP5 methylation was associated with
lower GM in the IFGO, we expected it would rather mirror a reduc-
tion of function in this region. Considering the relationship between
FKBP5 methylation and chronic stress exposure, these results might
be interpretable in light of the increased activation in the inferior
frontal gyrus during emotion classification in hypercortisolemic pa-
tients (Langenecker et al., 2012). Also, given that patients with higher
activity reported lower symptoms, this finding could suggest that
chronic stress exposure might lead to increased resilience and higher
compensatory functional responses to emotional content in some in-
dividuals (Feder, Nestler, and Charney, 2009). On the other hand,
HPAA dysregulation has been associated with more severe depressive



symptoms intensity in the past (Burke et al., 2005; Pruessner et al.,
n.d.; Guidotti et al., 2013). Since the effect of medication approached
significance in predicting higher activity in the IFGO (p=0.07), another
possibility might be that FKBP5 epigenetics could play a role in success-
ful response to antidepressant therapy, although methylation was not
different between treated and untreated patients in our sample, nor
in (Han et al., 2017).

This study is not without limitations. First of all, it is necessary
to address the fact that most of our patients were medicated and,
although we corrected for medication use in all of our models, we
cannot exclude that our results might be confounded by this factor.
Secondly, our results differ from those reported by Han et al., 2017

in a recent similar study. This might be due to several reasons, such
as the use of different methods (VBM and fMRI compared to auto-
mated cortical segmentation using Freesurfer) and a different choice
of ROIs and statistics. However, the present study addresses some of
the limitations highlighted in Han et al., 2017 , for example the in-
vestigation of the role of childhood trauma in predicting FKBP5 intron
methylation, which we consider valuable for the interpretation of our
findings. Furthermore, both studies are in agreement in highlighting
the inferior frontal gyrus as a crucial site for the role of FKBP5 on brain
structure. Also, we did not have reliable measures of HPAA function,
such as cortisol levels. Another important point to be addressed is the
still not well-known association between peripheral and central FKBP5

methylation. Some recent studies show some convergence between
FKBP5 methylation derived from peripheral blood and brain tissue
from certain regions, such as the hippocampus (Ewald et al., 2014)
but others have highlighted the applicability of these findings only to
some genes and portions of the brain (Hannon et al., 2015). The re-
sults of the present study suggest that peripheral FKBP5 methylation
might be linked to brain structure and function, but experimental re-
search on this link is necessary. The mechanisms involved could be
complex, ranging from differences between regions in brain matura-
tion as well as their sensibility to glucocorticoid action. More preclini-
cal studies are surely needed to understand which regions show local
epigenetic changes that are related to peripheral ones. This would al-
low clinical research to focus on measurable markers reflecting func-
tional modifications in specific molecular pathways within the brain.
Overall, future studies might also overall benefit from the investiga-
tion of the interaction between known genetic variants of FKBP5 and



its methylation in large cohorts of medicated and unmedicated MDD

patients, carefully controlling for childhood trauma levels, directly
assessing HPAA axis function and focusing on imaging the inferior
frontal gyrus.

13.5 conclusion

To summarize, in a subgroup of MDD patients carrying the high-
risk allele of the FKBP5 rs1360780 SNP, exposure to childhood trauma
was inversely correlated to peripheral DNA methylation percentage
of this gene. Across all participants, lower FKBP5 methylation was
associated with decreased grey matter in the inferior frontal orbital
gyrus. In the MDD group, it also negatively correlated with its ac-
tivation. This region is linked with emotional regulation and was
functionally hypoactive in MDD in our sample, with its activation be-
ing negatively correlated with self-reported symptoms severity. Our
findings suggest that epigenetic changes of FKBP5 might be a link con-
necting the interaction of genetic and environmental risks with brain
changes in an area relevant for the clinical symptoms of depression.
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14
D I S C U S S I O N

Given the results from our experiments reported in Chapters 11,
12 and 13, we can now provide a comprehensive description of the
interaction between a high-risk SNP of the FKBP5 gene, its epigenetic
changes, chronic environmental stress in the form of childhood mal-
treatment and functional as well as structural brain changes in emo-
tional processing areas in MDD.

Our results will be summarized to provide an overview of the de-
mographic, clinical, behavioural and imaging findings emerged from
our studies. Then, for each aspect, an overall interpretation will be
provided, limitations will be highlighted and future directions will
be suggested.

14.1 sample characteristics

Overall, we were successful in recruiting a sufficient number of
participants to investigate our effects of interest. Concerning some of
the demographic variables we collected, however, some limitations of
our recruitment procedure need to be addressed.

First of all, when considering our complete dataset, the mean age of
MDD was higher than the one of HC. We were able to select subsets of
our data for the individual experiments to eliminate this discrepancy
and corrected statistically for the effect of age in all of our analyses.
However, given that our patients were spread across a wide range
of ages, from the early twenties to the early sixties, we still cannot
exclude that age might be a confound in our findings. In particular,
structural brain properties, such as gray matter or diffusion measures,
show a decline with age. In our study on rs1360780, patients carrying
the T allele of the SNP were significantly older than CC ones, suggest-
ing that our results might have been confounded by this factor.

Also, three controls from the TCIN sample were related (sister and
cousin), which might have added a confound for our genetical and
morphological analyses. Since genotyping of FKBP5 in our sample
reflected results known from the general population, we think that



this mistake in the recruitment procedure could have played only a
small role.

We also encountered difficulties in matching our groups in regards
to some lifestyle variables, such as BMI, which was higher in MDD in
both of our datasets. This could be due to the comorbidity of MDD

with chronic metabolic conditions such as diabetes (Scott et al., 2007)
but also to the complex associations of BMI with wider environmen-
tal factors such as lower socio-economical status, stress and poorer
education, which are all risk-factors for MDD (Brown, Harris, and
Hepworth, 1994; Lorant et al., 2007). The causes for these differences
would be hard to disentangle but it is worth noting that the average
BMI for our groups was maintained between the higher portion of
the normal range and the lower one of the overweight range. Since
the participants were not affected by clinically relevant obesity, we
believe this could play only a neglectable role in our findings.

Another noteworthy confound was the significantly higher educa-
tion level of controls compared to patients. Lower socio-economic
status is a known risk-factor for MDD (Brown, Harris, and Hepworth,
1994; Lorant et al., 2007) and this is why a difference in this vari-
able between our grous could have been expected. Still, education
impacts on brain structure (Noble et al., 2015) and this discrepancy
could represent a major confound in our findings.

Compatibly with epidemiological data, the number of females out-
weighed the one of males in our MDD participants (Alonso et al., 2004;
Blazer et al., 1994; Kessler et al., 2003; Patten et al., 2006). In our ex-
periments, it did so both in the MDD and in the HC groups, therefore
making the effects of sex possible to assess and remove statistically as
a confound variable. Given the comparatively low number of males,
however, it was not possible to investigate the interaction of sex with
variables of interest. In particular, it has been shown that sex is a
relevant moderator of the effects of childhood adversity in MDD on
brain structure (Frodl et al., 2016).

Concerning smoker and partnership status, these variables were
different between groups only in respectively the TCIN and CAMI

dataset, possibly because the first featured older participants than
the second. Even if these effects were limited, it is still worth noting
that smoking in particular is known to be associated with chronic
inflammation (Lee, Taneja, and Vassallo, 2012). Considering the pos-
tulated importance of inflammation in the pathogenesis of MDD and



its interconnection with stress (see Chapter 1), this confound should
be taken into consideration at least regarding some of our studies.

Clinically, our MDD participants were well characterized by the clas-
sically described constellation of symptoms, featuring anhedonia, low
mood, changes in appetite, sleep disturbances and somatic manifes-
tations of anxiety (see Chapter 1). Two major confounds need to be
addressed regarding clinical variables in our datasets. The first is the
almost complete absence of HC having been exposed to childhood
adversity, which made it impossible for us to investigate it in the ab-
sence of MDD. The use of CTQ total score as a linear variable helped
us in disentangling the effects of adversity and diagnosis, since a bi-
nary factor for childhood maltreatment would have shown marked
collinearity with the latter. Still, our results concerning this effect
could not be extended to HC and could in part mask or be masked
by those of MDD. Also, CTQ suffers from the limitation of being a
self-rated retrospective scale, therefore we cannot exclude that the
subjectivity of answers might have biased our findings. Secondly, the
vast majority of our MDD patients was treated, which is not surpris-
ing since our main site of recruitment was the outpatients clinic of a
hospital (see Chapter 7). Even though we modelled medication as a
confound in all of our investigations within the MDD cohort, this is a
major confound that needs to be highlighted, since psychiatric med-
ication is known to affect brain structure and function (Dusi et al.,
2015; Wessa and Lois, 2015).

14.2 behavioural findings

During the execution of our emotion recognition task, in two out of
our three studies MDD performed worse across all trials. Differences
in specific trials were discordant between our first two studies and
the third one, which featured a merged dataset across the two sites.
The three studies, however, agreed in highlighting a lower number of
hits in the positive ERT condition, which might be a correlate of the
inability of depressed subjects to correctly identify positive stimuli as
such (Murrough et al., 2011; Bylsma, Morris, and Rottenberg, 2008).
It is worth noting that MDD task performance was consistently but
only slightly lower than the one of HC, with an average difference
oscillating around 2 hits.

The analysis of response times gave conflicting results, with pa-
tients being as fast as controls in the first study, being overall slower in



the second and being slower only in certain trials in the third. Given
the differences in the demographic composition between the CAMI

and TCIN datasets, we believe age might play a role in these findings.
This factor was a strong predictor of response times in all samples
and it is possible that it might interact with diagnosis to give an over-
all poorer performance in older MDD. With our current data, however,
it is hard to draw a definitive conclusion about the way MDD affects
response times in our task.

Interestingly, in our gPPI study, better task performance in patients
correlated with a higher connectivity within the task-positive net-
work. Given the relatively low number of errors in the task across
all participants, however, it is hard for us to make in-depth consid-
erations about whether the fMRI correlates of our task might be pre-
dictive of performance. To do so, harder tasks with more trials are
probably needed, which might necessitate the engagement of more
cognitive processes which are known to be impaired in depression
such as attention.

14.3 fmri of emotional regulation in mdd

Our fMRI task showed a pattern of activation compatible with our
hypotheses concerning the areas involved in emotional processing.
Namely, emotion recognition was associated with the activation of
the medial and inferior portions of the frontal lobe as well as of the
amygdala, insula, hippocampus and temporal lobes. On the other
hand, while participants directed their attention away from the emo-
tional content of the stimuli, dorsolateral prefrontal and parietal areas
were more active.

Concerning differences in activation between MDD and HC, they in-
volved a lower activation across all task conditions in the hippocam-
pus, middle frontal gyrus and precuneus as well as a lower one of
the insula and inferior frontal gyrus pars orbitalis during ERT com-
pared to SRT. As previously shown in comparable tasks, recognition
and regulation of emotion are well suited to highlight fMRI differ-
ences between MDD patients and HC. Therefore, these results were
not entirely surprising, since these regions have been shown to be af-
fected in MDD patients across numerous studies (see Chapter 4 for an
overview). Findings, however, were not always consistent across our
datasets. There are several possible reasons for this, the main one be-
ing differences in head coils and sequences between the two scanning



sites. Also, depending on the objectives of our studies, we performed
analyses aimed at assessing different effects of interest in each experi-
ment, which were therefore different from one another. In the future,
our datasets might prove valuable resources for replication studies by
conducting identical analyses on data featuring the same task run at
two different scanning sites.

In our gPPI study, we also highlight how, during emotional recog-
nition, activated regions increase their functional connectivity with
each other and with areas involved in emotion regulation. While per-
forming our task, MDD patients showed altered connectivity patterns
between several of these regions, particularly in trials involving the
voluntary attentional regulation of negative pictures or the emotional
recognition of positive ones. The amygdala and ACC were specially
involved, along with regions belonging to the task-positive and de-
fault mode networks. Our analysis was exploratory in nature, since
functional connectivity during emotion processing had not yet been
extensively investigated in MDD. Future studies should therefore tar-
get these regions and networks selectively, to analyse in depth how
their function relates to the clinical symptoms of MDD.

To sum up, MDD patients showed differences in activation in re-
gions involved in emotional recognition. Functional connectivity be-
tween some of these regions and between areas belonging to the task-
positive and default mode networks was also altered, in particular
in trials involving regulation of negative emotions and recognition of
positive ones.

14.4 fbkbp5 in mdd

The high-risk T allele of the rs1360780 SNP was not more repre-
sented in the MDD population as in the HC in our samples. This
might be due to the fact that our sample was much smaller than
the one used for genetic linkage studies and that we had to pool
T homozygous and heterozygous participants to achieve a sufficient
group size.

The first role of this polymorphism to emerge from our data was
that it associated with structural and functional changes in areas in-
volved in emotion processing, both in MDD and HC. In particular,
across both groups, T* allele status participants showed lower re-
sponses in several such regions, such as the middle, inferior frontal
and orbitofrontal gyri, insula, hippocampus and posterior cingulate



cortex. Furthermore, T* MDD patients featured specific differences in
activation compared to their CC counterparts in the insula, rolandic
operculum and inferior frontal gyrus. These functional changes were
also mirrored by structural differences as assessed by diffusion imag-
ing. Our results, therefore, lead us to postulate a role of genetic vari-
ants of FKBP5 in influencing structure and function of these regions.

A second crucial role of rs1360780 that emerges from our studies is
as a mediator of the effects of prolonged stress exposure in childhood.
In particular, we have shown that in patients carrying its high-risk
allele, demethylation of the intron sites of the FKBP5 gene promoter
was correlated with the amount of early life maltreatment endured.
Therefore we suggest, compatibly with other preclinical and clinical
studies (see Chapter 13 for details), that the presence of both genetic
and environmental risk factors is able to produce lasting epigenetic
changes in a gene that has a prominent role in GR regulation. In
our data, this could be observed only in patients with MDD, possibly
because of the much greater amount of childhood maltreatment they
had endured.

Even though with the present dataset we cannot draw any causal
link, since our data is cross-sectional, we bring evidence suggesting
that this interaction might impact structure and function of brain
areas involved in emotional regulation. First of all, childhood mal-
treatment explained the decreased FA in our T* compared to our CC
MDD in the rolandic operculum. It should be noted, however, that
the differences in diffusion measures we have detected were small or
small to moderate in effect size and that it is unclear how low lev-
els of FA might be related to grey matter microstructure. Across our
studies, we have also highlighted the role of the inferior frontal lobe
as a region which is influenced by FKBP5 allelic status and methy-
lation, in line with the only other existing study on the topic (Han
et al., 2017). This area was less active in MDD carrying the T allele
of rs1360780 and in it demethylation of FKBP5 was associated with
lower grey matter concentration in both MDD and HC. Crucially, the
inferior frontal gyrus was less active during emotional recognition in
MDD compared to HC and its activation was inversely correlated with
depression severity. Surprisingly, we found demethylation of FKBP5

to be correlated to a higher activation of this region in MDD, suggest-
ing that chronic stress exposure might lead to higher compensatory
functional responses to emotional content in some individuals. Fol-
lowing up on our results, future studies should investigate this region



specifically and carefully correct for potential confounds effects on its
activation such as those of antidepressant treatment.

It is worth noting that we could not assess whether the effects we
detected were mediated by glucocorticoid hormones directly, since
we did not record measures of GR sensitivity such as cortisol secre-
tion in response to the administration of dexamethasone. Therefore,
we have to rely on previous clinical and preclinical findings to postu-
late that the effects of GR dysregulation might be the potential causes
of the link between FKBP5 and the neuroimaging changes we have
described.

14.5 future directions and clinical implications

To sum up, even if the numerosity, demographic and clinical char-
acteristics of the dataset were suitable to conduct our studies, fu-
ture investigations should further attempt to remove the influence
of lifestyle confounds, such as smoking, differences in education and
BMI. Furthermore, to investigate complex interactions involving sex,
the male MDD population should be target specifically. Also, studies
assessing the role of childhood trauma should give a high priority to
finding individuals exposed to this risk factor who never developed
a psychiatric illness, even if it arguably constitutes a challenging task.
Finally, effort should be invested in setting up recruitment pipelines
targeted at first presentation patients specifically, in order to elim-
inate the effects of long term psychopharmacological treatment on
brain imaging.

The effects we have shown range from small to moderate size,
which is not uncommon among studies investigating genetic deter-
minant of depression, which are often inconsistent (Dunn et al., 2015;
Cohen-Woods, Craig, and McGuffin, 2013). In this regard, the task of
reaching a sufficient sample size in such studies to investigate a gene
by environment interaction on a whole-genome level has been high-
lighted as a major challenge for the years to come (Dunn et al., 2015).
The targeting of specific genes and careful selection of participants
based on known environmental risk-factors might be a way to obtain
sufficient power to investigate such effects in the future, albeit blind-
ing experimenters to potentially novel genetic findings in unexpected
loci.

Genome-wide studies seeking SNPs associated with MDD had of-
ten negative and at best mixed results, possibly because of the key



importance of environmental factors in the disorder (see Dunn et al.,
2015 for a review). Therefore, the genetic variants associated with
MDD for which more evidence is available are still those obtained
from smaller hypothesis-driven studies, which have targeted genes
based on the current pathogenetic theories.

Also, behavioural performance in our emotional recognition task
consistently highlighted a deficit of MDD participants in identifying
the valence of positive stimuli. However, to investigate fMRI correlates
of this deficit, future studies should consider tasks which are more
challenging and feature a higher number of trials.

Given that we have highlighted the importance of functional con-
nectivity between emotion-processing regions in MDD, future, inves-
tigations should focus on a smaller number of specific regions, to de-
tect finer changes that might be related to the symptoms of the disor-
der. White matter tracts anatomically connecting them should also be
more thouroughly investigated, using voxel-based approaches such
as tract-based spatial statistics or targeted reconstruction. Anatomical
neuronal inputs to the paraventricular nucleus of the hypothalamus,
which is a core regulator of the HPAA, might also be investigated in
detail using diffusion-weighted imaging.

Future studies should also work on linking the epigenetic and
imaging changes we detected with measures of GR function, such as
cortisol responses to the dexamethasone suppression test. Exposure
to chronic stress in childhood should be investigated in the healthy
population as well, to clarify which of our results are diagnosis spe-
cific and which are common to all maltreatment victims.

Finally, more preclinical studies are surely needed to understand
which regions show local epigenetic changes that are related to pe-
ripheral ones. This would allow clinical research to focus on measur-
able markers reflecting functional modifications in specific molecular
pathways within the brain.

Once enough evidence is collected, this research could give insight
in the molecular mechanisms linking a prominent risk factor such
as childhood adversity to depression. Furthermore, it might provide
easily measurable biomarkers of this link in the form of non-invasive
brain measurements and genetic as well as epigenetic characteristics
that are easily quantifiable after collecting a peripheral blood sam-
ple. Being able to characterize this pathogenetic pathway routinely
might enable clinicians to avail of targeted therapies and to identify
the most appropriate treatment for each patient, speeding up their



recovery as well as reducing costs for the healthcare system. It might
also affect policy development in the area of childhood trauma in-
tervention, identifying victims who are more at risk of developing
depression later in life as candidates for early intervention.

14.6 conclusion

Taken together, findings across our three studies provide evidence
that the gene coding for the glucocorticoid regulator FKBP5 protein is
a convergence point for the interplay between genetic and environ-
mental risk factors of MDD. In particular, in individuals carrying its
high-risk SNP, exposure to chronic stress in early life might lastingly
modify the gene function through epigenetic mechanisms. This, in
turn, could result in a deficit of GR responses and to structural as
well as functional consequences on brain regions involved in emo-
tional recognition and regulation as well as in the symptoms of MDD.
Specifically, the inferior frontal gyrus is a likely prominent site for
this interaction, although others might exist among the regions which
were not included as ROIs in our investigations.
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archived the MRI data on the laboratory computer in a standardized
fashion.

The applicant supervised the setup and parameters of the MRI se-
quences used in the study, regularly consulting with the responsible
technician and lead physicist of the Institute. He also programmed
the Neurobehavioural Systems Presentation task used during the fMRI

acquisition.
Under the supervision of Prof. Frodl, the applicant autonomously

planned and conducted all analyses on the MRI data as well as all
the statistical computations presented in this work and in the related
publications. The only analysis presented in this work not conducted
by the applicant is the genotyping and methylation quantification of
FKBP5, which were conducted by Dr. Farrell.

All text contained in the present work as well as in the publications
that derived from it is also original work from the applicant along
with its typesetting using LATEX.
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CAMI T1 sequence details

SmartSelect = "yes";
Coil 1  (exclude) = "None";
Uniformity = "CLEAR";
FOV          FH (mm) = 256;
             AP (mm) = 256;
             RL (mm) = 160;
Voxel size   FH (mm) = 1;
             AP (mm) = 1;
             RL (mm) = 1;
Recon voxel size (mm) = 1;
Fold-over suppression = "no";
Slice oversampling = "default";
Reconstruction matrix = 256;
SENSE = "yes";
    P reduction (AP) = 1;
    S reduction (RL) = 1.5;
k-t BLAST = "no";
Overcontiguous slices = "no";
Stacks = 1;
    slices = 160;
    slice orientation = "sagittal";
    fold-over direction = "AP";
    fat shift direction = "F";
Stack Offc. AP (P=+mm) = -15.0076456;
            RL (L=+mm) = -1.71528864;
            FH (H=+mm) = -20.5721664;
      Ang.  AP (deg) = -1.57631814;
            RL (deg) = 0.163514286;
            FH (deg) = -1.75226152;
      Free rotatable = "no";
Multi-chunk = "no";
Large table movement = "no";
PlanAlign = "no";
REST slabs = 0;
Interactive positioning = "no";
Patient position = "head first";
        orientation = "supine";
Scan type = "Imaging";
Scan mode = "3D";
    technique = "FFE";
Contrast enhancement = "T1";
Acquisition mode = "cartesian";
Fast Imaging mode = "TFE";
    shot mode = "multishot";
TFE factor = 240;
    startup echoes = "default";
    shot interval = "user defined";
        (ms) = 3000;
    profile order = "linear";
    turbo direction = "Y";
Echoes = 1;
    partial echo = "no";
    shifted echo = "no";
TE = "user defined";
    (ms) = 3.9000001;
Flip angle (deg) = 8;
TR = "user defined";
    (ms) = 8.5;
Halfscan = "no";
Water-fat shift = "maximum";
Shim = "auto";
mDIXON = "no";
Fat suppression = "no";
Water suppression = "no";
TFE prepulse = "invert";
    slice selection = "no";
    delay = "shortest";
    PSIR = "no";
MTC = "no";
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T2prep = "no";
Diffusion mode = "no";
Multi-transmit = "no";
SAR mode = "high";
B1 mode = "default";
PNS mode = "low";
Gradient mode = "default";
SofTone mode = "no";
Cardiac synchronization = "no";
Respiratory compensation = "no";
Navigator respiratory comp = "no";
Flow compensation = "no";
fMRI echo stabilisation = "no";
NSA = 1;
Angio / Contrast enh. = "no";
Quantitative flow = "no";
CENTRA = "no";
Manual start = "no";
Dynamic study = "no";
Arterial Spin labeling = "no";
Preparation phases = "auto";
Interactive F0 = "no";
B0 field map = "no";
MIP/MPR = "no";
SWIp = "no";
Images = "M", (3) "no";
Autoview image = "M";
Calculated images = (4) "no";
Reference tissue = "Grey matter";
Recon compression = "No";
Preset window contrast = "soft";
Reconstruction mode = "real time";
Save raw data = "no";
Hardcopy protocol = "no";
Image filter = "system default";
Geometry correction = "default";
Elliptical k-space shutter = "default";
IF_info_seperator = 1634755923;
Total scan duration = "07:32.1";
Rel. SNR = 1;
Act. TR/TE (ms) = "8.5 / 3.9";
ACQ matrix M x P = "256 x 240";
ACQ voxel MPS (mm) = "1.00 / 1.07 / 1.00";
REC voxel MPS (mm) = "1.00 / 1.00 / 1.00";
Scan percentage (%) = 93.75;
TFE shots = 150;
TFE dur. shot / acq (ms) = "2089.6 / 2040.5";
Min. TI delay = 1060.17468;
Act. WFS (pix) / BW (Hz) = "2.420 / 179.4";
Min. WFS (pix) / Max. BW (Hz) = "0.559 / 776.8";
Min. TR/TE (ms) = "8.5 / 3.7";
SAR / head = "<  7 %";
Whole body / level = "0.0 W/kg / normal";
SED = "  0.0 kJ/kg";
B1+rms = "0.62 uT";
Max B1+rms = "0.62 uT";
PNS / level = "55 % / normal";
dB/dt = "59.4 T/s";
Sound Pressure Level (dB) = 9.72935867;



CAMI fMRI sequence details

SmartSelect = "yes";
Coil 1  (exclude) = "None";
Uniformity = "CLEAR";
FOV          RL (mm) = 230;
             AP (mm) = 230;
             FH (mm) = 110.400002;
Voxel size   RL (mm) = 3;
             AP (mm) = 3;
Slice thickness (mm) = 4.80000019;
Recon voxel size (mm) = 2.875;
Fold-over suppression = "no";
Reconstruction matrix = 80;
SENSE = "yes";
    P reduction (AP) = 1.79999995;
k-t BLAST = "no";
Stacks = 1;
    type = "parallel";
    slices = 23;
    slice gap = "user defined";
          gap (mm) = 0;
    slice orientation = "transverse";
    fold-over direction = "AP";
    fat shift direction = "P";
Stack Offc. AP (P=+mm) = 4.83997059;
            RL (L=+mm) = -1.71528864;
            FH (H=+mm) = -6.42739153;
      Ang.  AP (deg) = -1.57631814;
            RL (deg) = -15.0199013;
            FH (deg) = -1.75226152;
      Free rotatable = "no";
Minimum number of packages = 1;
Slice scan order = "ascend";
Large table movement = "no";
PlanAlign = "no";
REST slabs = 0;
Shim  Size  AP (mm) = 166.92659;
            RL (mm) = 123.51709;
            FH (mm) = 130.400009;
      Offc. AP (P=+mm) = 0.588481724;
            RL (L=+mm) = -0.787108362;
            FH (H=+mm) = -5.26017952;
      Ang.  AP (deg) = -1.57631814;
            RL (deg) = -15.0199013;
            FH (deg) = -1.75226152;
Interactive positioning = "no";
Patient position = "head first";
        orientation = "supine";
Scan type = "Imaging";
Scan mode = "MS";
    technique = "SE";
Modified SE = "no";
Acquisition mode = "cartesian";
Fast Imaging mode = "EPI";
    shot mode = "single-shot";
Echoes = 1;
    partial echo = "no";
TE = "user defined";
    (ms) = 35;
Flip angle (deg) = 90;
TR = "user defined";
    (ms) = 2000;
Halfscan = "no";
Water-fat shift = "minimum";
Shim = "PB-volume";
ShimAlign = "yes";
mDIXON = "no";
Fat suppression = "SPIR";
   strength = "strong";
   frequency offset = "user defined";



       offset (Hz) = 250;
Water suppression = "no";
BB pulse = "no";
MTC = "no";
Diffusion mode = "no";
Multi-transmit = "no";
SAR mode = "high";
B1 mode = "default";
PNS mode = "high";
Gradient mode = "maximum";
SofTone mode = "no";
Cardiac synchronization = "no";
Respiratory compensation = "no";
Navigator respiratory comp = "no";
Flow compensation = "no";
Temporal slice spacing = "minimal";
NSA = 1;
Manual start = "yes";
Dynamic study = "individual";
    dyn scans = 550;
    dyn scan times = "shortest";
    fov time mode = "default";
    dummy scans = 2;
    immediate subtraction = "no";
    fast next scan = "no";
    synch. ext. device = "yes";
        start at dyn. = 1;
        interval (dyn) = 1;
    dyn stabilization = "regular";
    prospect. motion corr. = "no";
Keyhole = "no";
Arterial Spin labeling = "no";
Preparation phases = "full";
Interactive F0 = "no";
B0 field map = "no";
MIP/MPR = "no";
Images = "M", (3) "no";
Autoview image = "M";
Calculated images = (4) "no";
Reference tissue = "Grey matter";
Recon compression = "No";
Preset window contrast = "soft";
Reconstruction mode = "real time";
    reuse memory = "no";
Save raw data = "no";
Hardcopy protocol = "no";
Image filter = "system default";
Geometry correction = "default";
IF_info_seperator = 1634755923;
Total scan duration = "18:34.6";
Rel. SNR = 1;
Act. TR (ms) = "2000";
Act. TE (ms) = "35";
Dyn. scan time = "00:02.0";
ACQ matrix M x P = "76 x 76";
ACQ voxel MPS (mm) = "3.03 / 3.03 / 4.80";
REC voxel MPS (mm) = "2.88 / 2.88 / 4.80";
Scan percentage (%) = 100;
Packages = 1;
Min. slice gap (mm) = -0;
EPI factor = 43;
WFS (pix) / BW (Hz) = "8.058 / 53.9";
BW in EPI freq. dir. (Hz) = "3646.3";
Min. TR (ms) = "1347";
SPIR offset act./default (Hz) = "250 [220]";
SAR / head = "<  44 %";
Whole body / level = "< 0.1 W/kg / normal";
SED = "< 0.1 kJ/kg";
B1+rms = "1.55 uT";
Max B1+rms = "1.55 uT";
PNS / level = "100 % / 1st level";
dB/dt = "107.5 T/s";



Sound Pressure Level (dB) = 28.1904297;



CAMI diffusion sequence details

SmartSelect = "yes";
Coil 1  (exclude) = "None";
Uniformity = "CLEAR";
FOV          RL (mm) = 200;
             AP (mm) = 259.259247;
             FH (mm) = 125.999992;
Voxel size   RL (mm) = 1.875;
             AP (mm) = 1.88;
Slice thickness (mm) = 2.0999999;
Recon voxel size (mm) = 1.80041146;
Fold-over suppression = "no";
Reconstruction matrix = 144;
SENSE = "yes";
    P reduction (AP) = 2.5;
k-t BLAST = "no";
Stacks = 1;
    type = "parallel";
    slices = 60;
    slice gap = "user defined";
          gap (mm) = 0;
    slice orientation = "transverse";
    fold-over direction = "AP";
    fat shift direction = "P";
Stack Offc. AP (P=+mm) = 4.83997059;
            RL (L=+mm) = -1.71528864;
            FH (H=+mm) = -6.42739153;
      Ang.  AP (deg) = -1.57631814;
            RL (deg) = -15.0199013;
            FH (deg) = -1.75226152;
      Free rotatable = "no";
Minimum number of packages = 1;
Slice scan order = "default";
Large table movement = "no";
PlanAlign = "no";
REST slabs = 0;
Shim  Size  AP (mm) = 166.92659;
            RL (mm) = 123.51709;
            FH (mm) = 146;
      Offc. AP (P=+mm) = 0.588481724;
            RL (L=+mm) = -0.787108362;
            FH (H=+mm) = -5.26017952;
      Ang.  AP (deg) = -1.57631814;
            RL (deg) = -15.0199013;
            FH (deg) = -1.75226152;
Interactive positioning = "no";
Patient position = "head first";
        orientation = "supine";
Scan type = "Imaging";
Scan mode = "MS";
    technique = "SE";
Modified SE = "no";
Acquisition mode = "cartesian";
Fast Imaging mode = "EPI";
    shot mode = "single-shot";
Echoes = 1;
    partial echo = "no";
TE = "user defined";
    (ms) = 59;
Flip angle (deg) = 90;
TR = "shortest";
Halfscan = "yes";
    factor = 0.680851042;
Water-fat shift = "minimum";
Shim = "PB-volume";
ShimAlign = "yes";
mDIXON = "no";
Fat suppression = "SPIR";
   strength = "strong";
   frequency offset = "user defined";



       offset (Hz) = 250;
Grad Rev Fat suppression = "no";
Water suppression = "no";
BB pulse = "no";
MTC = "no";
Diffusion mode = "DTI";
    gradient duration = "minimum";
    gradient overplus = "no";
    directional resolution = "from file";
    average high b = "no";
Multi-transmit = "no";
SAR mode = "high";
B1 mode = "default";
PNS mode = "moderate";
Gradient mode = "enhanced";
SofTone mode = "no";
Cardiac synchronization = "no";
Respiratory compensation = "no";
Navigator respiratory comp = "no";
Flow compensation = "no";
Temporal slice spacing = "equidistant";
NSA = 1;
Manual start = "yes";
Dynamic study = "no";
    dyn stabilization = "regular";
Arterial Spin labeling = "no";
Preparation phases = "full";
Interactive F0 = "no";
B0 field map = "no";
MIP/MPR = "no";
Images = "M", (3) "no";
Autoview image = "M";
Calculated images = (4) "no";
Reference tissue = "Grey matter";
Recon compression = "No";
Preset window contrast = "soft";
Reconstruction mode = "immediate";
Save raw data = "no";
Hardcopy protocol = "no";
Image filter = "system default";
Geometry correction = "default";
IF_info_seperator = 0;



TCIN T1 sequence details

SmartSelect = "yes";
Coil 1  (exclude) = "None";
Uniformity = "CLEAR";
FOV          AP (mm) = 230;
             RL (mm) = 230;
             FH (mm) = 162;
Voxel size   AP (mm) = 0.8984375;
             RL (mm) = 0.8984375;
             FH (mm) = 0.899999976;
Recon voxel size (mm) = 0.8984375;
Fold-over suppression = "no";
Slice oversampling = "default";
Reconstruction matrix = 256;
SENSE = "yes";
    P reduction (RL) = 2.29999995;
    S reduction (FH) = 1;
k-t BLAST = "no";
Overcontiguous slices = "yes";
Stacks = 1;
    slices = 180;
    slice orientation = "transverse";
    fold-over direction = "RL";
    fat shift direction = "P";
Stack Offc. AP (P=+mm) = -3.0931561;
            RL (L=+mm) = 3.38424706;
            FH (H=+mm) = 18.5342007;
      Ang.  AP (deg) = 0.00924716238;
            RL (deg) = -7.31103468;
            FH (deg) = 0.791477084;
      Free rotatable = "no";
Multi-chunk = "no";
Large table movement = "no";
PlanAlign = "no";
REST slabs = 1;
    type = "free";
    orientation = "transverse";
    thickness (mm) = 75.8213806;
Rest  Offc. AP (P=+mm) = 2.49528074;
            RL (L=+mm) = 8.45712852;
            FH (H=+mm) = -120.044701;
      Ang.  AP (deg) = -0.132635862;
            RL (deg) = -4.93891001;
            FH (deg) = 1.81866467;
    power = "1";
Interactive positioning = "no";
Patient position = "head first";
        orientation = "supine";
Scan type = "Imaging";
Scan mode = "3D";
    technique = "FFE";
Contrast enhancement = "T1";
Acquisition mode = "cartesian";
Fast Imaging mode = "TFE";
    shot mode = "multishot";
TFE factor = 112;
    startup echoes = "default";
    shot interval = "user defined";
        (ms) = 3000;
    profile order = "linear";
    turbo direction = "Y";
Echoes = 1;
    partial echo = "no";
    shifted echo = "no";
TE = "shortest";
Flip angle (deg) = 8;
TR = "user defined";
    (ms) = 8.39999962;
Halfscan = "no";
Water-fat shift = "user defined";



f
T C I N S E Q U E N C E S D E TA I L S



     (pixels) = 2.29999995;
Shim = "auto";
Fat suppression = "no";
Water suppression = "no";
TFE prepulse = "invert";
    slice selection = "no";
    delay = "user defined";
        (ms) = 1150;
    PSIR = "no";
MTC = "no";
T2prep = "no";
Diffusion mode = "no";
SAR mode = "high";
B1 mode = "default";
PNS mode = "high";
Gradient mode = "default";
SofTone mode = "no";
Cardiac synchronization = "no";
Respiratory compensation = "no";
Navigator respiratory comp = "no";
Flow compensation = "no";
fMRI echo stabilisation = "no";
NSA = 1;
Angio / Contrast enh. = "no";
Quantitative flow = "no";
CENTRA = "no";
Manual start = "no";
Dynamic study = "no";
Preparation phases = "auto";
Interactive F0 = "no";
B0 field map = "no";
MIP/MPR = "no";
Images = "M", (3) "no";
Autoview image = "M";
Calculated images = (4) "no";
Reference tissue = "Grey matter";
Recon compression = "No";
Preset window contrast = "soft";
Reconstruction mode = "real time";
Save raw data = "no";
Hardcopy protocol = "no";
Image filter = "system default";
Geometry correction = "default";
Elliptical k-space shutter = "default";
IF_info_seperator = 0;
Total scan duration = "05:46.6";
Rel. SNR = 0.999920011;
Act. TR/TE (ms) = "8.4 / 3.9";
ACQ matrix M x P = "256 x 256";
ACQ voxel MPS (mm) = "0.90 / 0.90 / 1.80";
REC voxel MPS (mm) = "0.90 / 0.90 / 0.90";
Scan percentage (%) = 100;
TFE shots = 115;
TFE dur. shot / acq (ms) = "1628.9 / 940.8";
Min. TI delay = 518.618896;
Act. WFS (pix) / BW (Hz) = "2.307 / 188.3";
Min. WFS (pix) / Max. BW (Hz) = "0.559 / 776.8";
Min. TR/TE (ms) = "7.9 / 3.9";
SAR / head = "<  6 %";
Whole body / level = "0.0 W/kg / normal";
SED = "  0.0 kJ/kg";
B1+rms = "0.56 uT";
Max B1+rms = "0.57 uT";
PNS / level = "57 % / normal";
dB/dt = "50.7 T/s";
Sound Pressure Level (dB) = 13.7661715;



TCIN fMRI sequence details

Coil selection 1 = "SENSE-Head-32P";
     element selection = "selection 1";
Coil selection 2 = "SENSE-Head-32AH";
     element selection = "selection 1";
Dual coil = "yes";
CLEAR = "yes";
    body tuned = "no";
FOV          RL (mm) = 240;
             AP (mm) = 240;
             FH (mm) = 131.699997;
Voxel size   RL (mm) = 3;
             AP (mm) = 3;
Slice thickness (mm) = 3;
Recon voxel size (mm) = 3;
Fold-over suppression = "no";
Reconstruction matrix = 80;
SENSE = "yes";
    P reduction (AP) = 2.5;
    P os factor = 1;
k-t BLAST = "no";
Stacks = 1;
    type = "parallel";
    slices = 40;
    slice gap = "user defined";
          gap (mm) = 0.299999952;
    slice orientation = "transverse";
    fold-over direction = "AP";
    fat shift direction = "A";
Stack Offc. AP (P=+mm) = -3.62547135;
            RL (L=+mm) = -4.3553853;
            FH (H=+mm) = 38.6539917;
      Ang.  AP (deg) = -0.0137504041;
            RL (deg) = -7.96231651;
            FH (deg) = -0.0233496893;
Minimum number of packages = 1;
Slice scan order = "descend";
Large table movement = "no";
PlanAlign = "no";
REST slabs = 0;
Interactive positioning = "no";
Patient position = "head first";
        orientation = "supine";
Scan type = "Imaging";
Scan mode = "MS";
    technique = "FFE";
Contrast enhancement = "no";
Acquisition mode = "cartesian";
Fast Imaging mode = "EPI";
    shot mode = "single-shot";
Echoes = 1;
    partial echo = "no";
    shifted echo = "no";
TE = "user defined";
    (ms) = 25;
Flip angle (deg) = 90;
TR = "user defined";
    (ms) = 2000;
Halfscan = "no";
Water-fat shift = "user defined";
     (pixels) = 11;
Shim = "auto";
Fat suppression = "SPIR";
   strength = "strong";
   frequency offset = "default";
Water suppression = "no";
MTC = "no";
Diffusion mode = "no";
SAR mode = "high";
B1 mode = "default";



PNS mode = "high";
Gradient mode = "maximum";
SofTone mode = "no";
Cardiac synchronization = "no";
Respiratory compensation = "no";
Navigator respiratory comp = "no";
Flow compensation = "no";
Temporal slice spacing = "minimal";
fMRI echo stabilisation = "no";
NSA = 1;
Angio / Contrast enh. = "no";
Quantitative flow = "no";
Manual start = "yes";
Dynamic study = "individual";
    dyn scans = 417;
    dyn scan times = "shortest";
    FOV time mode = "default";
    dummy scans = 0;
    immediate subtraction = "no";
    fast next scan = "no";
    synch. ext. device = "yes";
        start at dyn. = 1;
        interval (dyn) = 1;
    dyn stabilization = "yes";
    prospect. motion corr. = "no";
Keyhole = "no";
Arterial Spin labeling = "no";
Preparation phases = "full";
Interactive F0 = "no";
B0 field map = "no";
MIP/MPR = "no";
Images = " M", (3) " no";
Autoview image = " M";
Calculated images = (4) " no";
Reference tissue = "Grey matter";
Preset window contrast = "soft";
Reconstruction mode = "real time";
Save raw data = "no";
Hardcopy protocol = "no";
Ringing filtering = "default";
Geometry correction = "default";
IF_info_seperator = 0;
Total scan duration = "14:00.0";
Rel. signal level (%) = 100;
Act. TR/TE (ms) = "2000 / 25";
Dyn. scan time = "00:02.0";
Time to k0 = "0.994";
ACQ matrix M x P = "80 x 79";
ACQ voxel MPS (mm) = "3.00 / 3.00 / 3.00";
REC voxel MPS (mm) = "3.00 / 3.00 / 3.00";
Scan percentage (%) = 100;
Packages = 1;
Min. slice gap (mm) = 0;
EPI factor = 35;
Act. WFS (pix) / BW (Hz) = "10.999 / 39.5";
BW in EPI freq. dir. (Hz) = "1848.6";
Min. WFS (pix) / Max. BW (Hz) = "6.516 / 66.7";
Min. TR/TE (ms) = "1955 / 8.8";
SAR / head = "<  39 %";
Whole body / level = "< 0.1 W/kg / normal";
B1 rms = "1.46 uT";
PNS / level = "94 % / 1st level";
Sound Pressure Level (dB) = 20.6506329;



TCIN diffusion sequence details

SmartSelect = "yes";
Coil 1  (exclude) = "None";
Uniformity = "CLEAR";
FOV          RL (mm) = 256;
             AP (mm) = 256;
             FH (mm) = 130;
Voxel size   RL (mm) = 2;
             AP (mm) = 2;
Slice thickness (mm) = 2;
Recon voxel size (mm) = 2;
Fold-over suppression = "no";
Reconstruction matrix = 128;
SENSE = "yes";
    P reduction (AP) = 2.20000005;
k-t BLAST = "no";
Stacks = 1;
    type = "parallel";
    slices = 65;
    slice gap = "user defined";
          gap (mm) = 0;
    slice orientation = "transverse";
    fold-over direction = "AP";
    fat shift direction = "P";
Stack Offc. AP (P=+mm) = -7.80269909;
            RL (L=+mm) = -6.29022074;
            FH (H=+mm) = 23.5311985;
      Ang.  AP (deg) = 0.317858964;
            RL (deg) = -11.9173689;
            FH (deg) = -2.05776381;
      Free rotatable = "no";
Minimum number of packages = 1;
Slice scan order = "default";
Large table movement = "no";
PlanAlign = "no";
REST slabs = 0;
Interactive positioning = "no";
Patient position = "head first";
        orientation = "supine";
Scan type = "Imaging";
Scan mode = "MS";
    technique = "SE";
Modified SE = "no";
Acquisition mode = "cartesian";
Fast Imaging mode = "EPI";
    shot mode = "single-shot";
Echoes = 1;
    partial echo = "no";
TE = "user defined";
    (ms) = 73;
Flip angle (deg) = 90;
TR = "user defined";
    (ms) = 12312;
Halfscan = "yes";
    factor = 0.779661;
Water-fat shift = "user defined";
     (pixels) = 27;
Shim = "auto";
mDIXON = "no";
Fat suppression = "SPIR";
   strength = "strong";
   frequency offset = "user defined";
       offset (Hz) = 250;
Grad Rev Fat suppression = "no";
Water suppression = "no";
BB pulse = "no";
MTC = "no";
Diffusion mode = "DTI";
    gradient overplus = "no";
    directional resolution = "from file";



    average high b = "user defined";
        b-factor averages = "(0) 4",

"(1500) 1", "", "", "", "",
"", "", "", "", "", "", "",
"", "", "", "", "", "", "",
"", "", "", "", "", "", "",
"", "", "", "", "";

SAR mode = "high";
B1 mode = "default";
PNS mode = "high";
Gradient mode = "enhanced";
SofTone mode = "no";
Cardiac synchronization = "no";
Respiratory compensation = "no";
Navigator respiratory comp = "no";
Flow compensation = "no";
Temporal slice spacing = "default";
NSA = 1;
Manual start = "no";
Dynamic study = "no";
    dyn stabilization = "regular";
Preparation phases = "auto";
Interactive F0 = "no";
B0 field map = "no";
MIP/MPR = "no";
Images = "M", (3) "no";
Autoview image = "M";
Calculated images = (4) "no";
Reference tissue = "White matter";
Recon compression = "No";
Preset window contrast = "soft";
Reconstruction mode = "immediate";
Save raw data = "no";
Hardcopy protocol = "no";
Image filter = "system default";
Geometry correction = "default";
IF_info_seperator = 1634755923;
Total scan duration = "15:38.2";
Rel. SNR = 1;
Act. TR (ms) = "12312";
Act. TE (ms) = "73";
ACQ matrix M x P = "128 x 128";
ACQ voxel MPS (mm) = "2.00 / 2.00 / 2.00";
REC voxel MPS (mm) = "2.00 / 2.00 / 2.00";
Scan percentage (%) = 100;
Packages = 1;
Min. slice gap (mm) = -0;
User defined DTI scheme =

"Dti61b1500_p (62, 1500)";
EPI factor = 59;
WFS (pix) / BW (Hz) = "23.149 / 18.8";
BW in EPI freq. dir. (Hz) = "1907.4";
Min. TR (ms) = "7483";
SPIR offset act./default (Hz) = "250 [220]";
SAR / head = "<  19 %";
Whole body / level = "0.0 W/kg / normal";
SED = "  0.0 kJ/kg";
B1+rms = "1.03 uT";
Max B1+rms = "1.03 uT";
PNS / level = "70 % / normal";
dB/dt = "54.3 T/s";
Sound Pressure Level (dB) = 13.7679567;
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