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Summary

The overall aim of the present PhD project was to study neural activity and microstructural
properties of white matter in trauma-affected refugees with posttraumatic stress disorder (PTSD).
PTSD is a psychiatric condition that develops as a response to an experience of an extremely
threatening or catastrophic nature. It encompasses episodes of repeatedly reliving the trauma
through intrusive memories (“flashbacks”) occurring against a background of anhedonia and
avoidance of activities reminiscent of the trauma. Moreover, secondary psychotic symptoms may
occur. On a biological level, PTSD is characterised by altered neural firing and morphological
alterations of limbic as well as prefrontal cortex regions related to exaggerated fear and
dysfunctional emotion regulation. However, PTSD is a heterogenous condition and the underlying
neurobiology is scarcely understood.
The thesis is comprised of three studies and is based on functional Magnetic Resonance Imaging
(fMRI) and Diffusion-Weighted Magnetic Resonance Imaging (DWMRI) data. It includes 39 traumaaffected refugees with PTSD and 31 refugees who served as healthy controls (RHC). Of the PTSD
participants, 21 had secondary psychotic symptoms (PTSD-SP) while 18 did not (PTSD-NSP).
In Study I, we collected fMRI data during a monetary incentive delay task. In accordance with our
hypothesis, we found that PTSD participants had decreased activity in the medial prefrontal cortex
(mPFC) during monetary rewards which was negatively associated with severity of anhedonia. Also,
we confirmed our hypothesis that during processing of motivational reward anticipation
participants with PTSD-SP had decreased activity in associative striatum relative to participants with
PTSD-NSP and RHC.

To assert how the processing of positive stimuli is affected by past traumatic memories, Study II
acquired fMRI data while participants viewed positive visual stimuli, both before and after having
imagined a personal traumatic memory. As expected, we saw that PTSD was associated with
weakened neural signals in the primary and secondary visual cortex. Moreover, we found that after
recalling the traumatic memory, the neural activity became uniform in areas within the default
mode network (DMN) but, contrary to what we assumed, there was no difference between PTSD
participants and the RHCs.
Finally, Study III found that in accordance with our hypotheses, PTSD was associated with
microstructural changes in white matter fibre tracts of brain networks involved in, for example,
emotional processing, memory, attention, and language. We also saw that different response
patterns to the personal traumatic memory were related to the uncinate fasciculus (UF) and
cingulum bundle (CB) microstructure.
Taken together, these results suggest that a reduced prefrontal and occipital reinforcing signal of
reward may adversely affect the experience of pleasure in refugees with PTSD. Furthermore, the
association between the presence of secondary psychotic symptoms and reduced anticipatory
reward processing in the associative striatum may reflect a mechanism by which abnormal reward
signals in the basal ganglia facilitates psychotic symptoms across psychiatric conditions. The
association between traumatic memories and reduced activity in the DMN across all participants
may reflect a mechanism by which emotional detachment inhibits neural reactivity to external
events irrespectively of a PTSD diagnosis. Finally, the results may also imply that PTSD is associated
with compromised structural connectivity in fibre tracts involved in top-down dysregulation of the
hippocampus, amygdala and insula by mPFC, in relation to contextual processing deficits,

exaggerated fear and symptoms of avoidance and dissociation. This points to symptom-specific
functional and structural brain changes in patients with PTSD which may be relevant for future
treatment-studies.

Summary in Danish
Formålet med dette ph.d.-projekt var at undersøge hjernens aktivitet og mikrostruktur blandt
traumatiserede flygtninge med posttraumatisk stress syndrom (PTSD). PTSD er en psykisk tilstand,
der kan opstå som følge af at have været udsat for en ekstrem truende eller voldsom oplevelse.
Tilstanden indebærer, at oplevelsen genopleves i f.eks. ”flashbacks”, samt at tanker og steder der
minder om oplevelsen undgås. Desuden mindskes evnen til at blive positivt stemt af oplevelser,
der tidligere fremkaldte glæde (anhedoni). I nogle tilfælde kan der ydermere tilkomme oplevelser
af psykotisk karakter. På et biologisk plan vides, at PTSD er kendetegnet ved ændret aktivitet og
volumenændringer i limbiske og prefrontale regioner af hjernen, hvilke er forbundet med øget
angst og en dysfunktionel regulering af følelser. PTSD er imidlertid en heterogen psykisk tilstand
og de neurobiologiske forhold er foreløbigt kun begrænset belyst.

Denne ph.d.-afhandling udgøres af tre studier og baserer sig på funktionel magnetisk resonans
(fMRI) data og diffusions-vægtet magnetisk resonans (DWMRI) data. Data stammer fra skanninger
af 39 traumatiserede flygtninge med PTSD og en kontrolgruppe på 31 flygtninge uden PTSD (RHC).
Af deltagerne med PTSD, havde 21 sekundært udviklet symptomer af psykotisk karakter (PTSD-SP)
mens 18 deltagere ikke havde disse symptomer (PTSD-NSP).

I Studie I indsamlede vi fMRI data, mens deltagerne spillede et belønningsspil. I overensstemmelse
med vores hypoteser, fandt vi at deltagerne med PTSD havde nedsat aktivitet i den forreste del af
pandelappen når de blev belønnet med penge, og at aktiviteten korrelerede med graden af
anhedoni. Vi bekræftede også vores hypotese om, at deltagere med PTSD-SP under

forventningsfasen ville have mindre aktivitet i associativ striatum sammenlignet med PTSD-NSPdeltagere og RHC-deltagere.
I Studie II undersøgte vi hvordan, at hjernens processering af positive visuelle indtryk påvirkes af
traumatiske minder. Vi undersøgte hjernen med fMRI både før og efter, at deltagerne havde
genkaldt sig et traumatisk minde. Som forventet så vi, at PTSD var associeret med nedsat aktivitet i
primær og sekundær synsbark. Herudover fandt vi, at genkaldelse af traumatiske minder
påvirkede hjernens aktivitet i ”the default mode network” (DMN) på en sådan måde, at aktiviteten
blev ensartet for forskellige visuelle stimuli. I modsætning til hvad vi forventede, fandt vi ikke
forskelle på deltagere med og uden PTSD.
I overensstemmelse med vores hypoteser fandt vi i studie III, at PTSD var associeret med
mikrostrukturelle forandringer af den hvide substans i de dele af hjernens netværk som indgår i
processeringen af følelser, hukommelse, opmærksomhed og sprog. Vi så også, at måden hvormed
deltagerne reagerede på det traumatiske minde var relateret til mikrostrukturen i Uncinate
Fasciculus (UF) og Cingulum Bundle (CB), hvilket ikke tidligere har været vist.

Som konklusion tyder resultaterne på, at nedsat indkodning af belønning og behagelige stimuli i
forreste del af pandelappen og synsbarken påvirker oplevelsen af glæde negativt blandt flygtninge
med PTSD. Forbindelsen mellem sekundære psykotiske symptomer ved PTSD og nedsat aktivitet
under forventningsfasen i associative striatum tyder på, at psykotiske symptomer på tværs af
psykiatriske tilstande er relateret til den samme biologiske mekanisme. Nedsat aktivitet i hjernens
DMN på tværs af alle deltagerne kunne afspejle en mekanisme hvormed løsrivelse fra nuet på et
oplevelsesmæssig plan begrænser hjernens reaktion på eksterne stimulus uafhængigt af en PTSDdiagnose. Endelig kunne resultaterne tyde på, at PTSD er associeret med nedsat strukturel

konnektivitet i de ledningsbaner der via forreste del af pandelappen er involveret i dysregulering af
limbiske regioner. Dette kan være en del af forklaringen bag angst, undgåelsesadfærd og
dissociation og betyder, at PTSD er kendetegnet ved specifikke funktionelle og strukturelle
forandringer i hjernen med mulig betydning for fremtidig udvikling af behandling.
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Introduction
Regional crises and wars are occurring continuously and 2017 set a record with 25.4 million
registered refugees in the world1. Many refugees and asylum seekers have endured traumatic
experiences (i.e. war, torture, famine) and stressors (i.e. migration, resettlement, poverty,
discrimination) and 15-30% develop Posttraumatic Stress Disorder (PTSD) and depression2,3.
Trauma-affected refugees constitute a mental health challenge2, and yet research into
pharmacological and psychological treatments in this population is limited4,5. Moreover, there is
relatively little knowledge of the biology of individuals with histories of prolonged, interpersonal
and repeated trauma6–8.
Though abnormalities in very many biological systems and levels have been found in PTSD, none of
them appear to be specific to PTSD. Rather, they are shared across psychiatric conditions with which
PTSD has symptoms in common, such as anxiety and depression. This is in accordance with the
current conceptualisation of psychiatric conditions which favours commonalities as a vantage point
in biological research9. That the pathobiological model of PTSD is not restricted to a mere few
biological systems is also reasonable considering that PTSD is a heterogenous disorder. Among
others, this is evident in the American manual of mental disorders (DSM-5) where an array of
symptom constellations can qualify for a PTSD diagnosis10. The many nuances of posttraumatic
psychopathology are also reflected in recent introductions of the dissociative subtype in the DSM5 and complex PTSD in the forthcoming edition of the International Classification of Diseases (ICD11) from the World Health Organization (WHO).
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The overall aim of this PhD thesis is to increase knowledge of neurobiology in trauma-affected
refugees with PTSD. More specifically, we wanted to study functional neural correlates to anhedonia
in PTSD and assert how the processing of positive experiences is affected by traumatic memories.
In addition, we wanted to investigate the neural underpinnings of psychotic symptoms that occur
secondary to PTSD. Finally, we wanted to study white matter microstructure in individuals
presenting with PTSD and how it is related to different emotional response patterns to
individualised trauma provoking stimuli. To achieve these ends functional Magnetic Resonance
Imaging (fMRI) and Diffusion-Weighted Magnetic Resonance Imaging (DWMRI) were chosen as
biological methods.
The thesis is based on three scientific studies. Two of them investigates functional neural activity of
different aspects of reward processing (Studies I and II) while the third investigates neural
microstructures (Study III).
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Background

In this section posttraumatic stress disorder (PTSD) and its neurobiology will be introduced, followed
by a presentation of PTSD with secondary psychotic symptoms. Next, a general introduction to the
brain’s reward system will be given, including studies on the reward system in PTSD. Hereafter,
symptoms-provocation in PTSD research will be presented followed by an introduction to studies
on microstructural changes of white matter in PTSD. Magnetic resonance (MR) will be introduced in
the final part.

Posttraumatic Stress Disorder
The mental health consequences of war have been noted since mankind’s earliest literature and is
described in the tale of Gilgamesh (2100 BC), the book of Deuteronomy (1400 BC) and Shakespeare’s
Romeo and Juliet (1597 AC)247. Under the name “vent du boulet” syndrome (depicting the wind and
sound of an incoming bomb shell), army physicians during the French Revolutionary wars (1792 –
1800) and the Napoleonic wars (1800 – 1815) described how exploding shells could elicit a
protracted stupor, although the soldiers were physically intact. Later the condition was coined
“Soldier’s heart,” “shell shock” and “war neurosis” 247. The term PTSD first appeared in 1980 in the
third edition of the Diagnostic and Statistical Manual of Mental Disorders (DSM-lll) published by the
American Psychiatric Association (APA).
Today, PTSD is a psychiatric diagnosis recognised by both the World Health Organization (WHO) and
the APA and is classified in their nosological manuals (ICD-10 and DSM-5, respectively) as a stressrelated disorder11,12. In both manuals, the diagnostic criteria encompass a stressor criterion
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(“…experience of exceptionally threatening or catastrophic nature” (ICD-10), “…that involved actual
or threatened death or serious injury, or a threat to the physical integrity of self or others” (DSM-5)).
Both also include symptoms of intrusive memories (e.g. flashbacks, vivid memories, recurring
dreams), avoidance of stimuli reminiscent of the stressor (e.g. avoiding places or people, avoiding
thoughts or feelings) and psychological sensitivity and arousal in response to stressor stimuli (e.g.
irritability or outbursts of anger and hypervigilance). Both the DSM-5 and ICD-10 also describe
changes in emotions (e.g. anhedonia) and cognition (e.g. difficulties concentrating) though this is
stated more explicitly in the DSM-5 criteria. In ICD-10 it is noted that the symptoms should normally
arise within 6 month (but accepts the possibility of later onset) and in the DSM-5 it is stated that the
symptoms should have lasted for at least one month. The upcoming version of the ICD (ICD-11) also
contains a subtype of PTSD called complex PTSD, which describes posttraumatic psychopathology
that is accompanied by emotional dysregulation, interpersonal difficulties and negative selfconcept13. Table 1 gives the DSM-5 criteria for PTSD.
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Table 1. Diagnostic criteria for PTSD (DSM-5)14.

1. Exposure to actual or threatened death, serious injury, or sexual violence

2. Presence of intrusion symptoms (e.g. thoughts or “flashbacks”) associated with the
traumatic event

3. Persistent avoidance of stimuli associated with the trauma

4. Negative alterations in cognitions and mood associated with the traumatic event(s)

5. Marked alterations in arousal and reactivity

In Western society, PTSD has a lifetime prevalence of approximately 10%15. For war veterans the
prevalence is approximately 20%16 and in refugee populations in western countries it is between
15-30%2. Psychiatric comorbidity is often present, mainly in the form of depression, which is
diagnosed in approximately 50% of PTSD cases17,18. The high prevalence of depression has led to the
suggestion that depression and PTSD symptoms might emerge simultaneously as two facets of a
general posttraumatic psychopathology17,18. The tie to depression is reflected in both the DSM-5
(alterations in mood) and complex PTSD in the upcoming ICD-11 (negative self-concept). Moreover,
anhedonia is roughly equally present in patients with PTSD but without major depression (63%) and
patients with both PTSD and major depression (67%)19.
The DSM-5 also includes a dissociative subtype of PTSD that captures people who, in addition to
meeting the full criteria for PTSD, respond to trauma-related stimuli with dissociative symptoms
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(derealisation and depersonalisation)12. It is important to note that within psychiatry, dissociation
is a term that is used in two distinct ways: to refer to a specific psychopathological mechanism, and
to describe a specific phenomenological experience.
Stated briefly, the former use of the term describes a mechanism whereby the normal associations
of psychobiological functions, that tacitly and effortless give rise to normal consciousness, are
disrupted20. This disruption or discontinuity is assumed to entail that important qualitative
properties of the mental acts of remembering and imagining are lost. Instead, memories can present
themselves in the stream of consciousness with phenomenological characteristics, whereby they
emerge involuntarily and effortlessly, which is typical for experiences associated with the
perception of external objects. This can give rise to various posttraumatic symptoms, including
flashbacks.
On the other hand, when dissociation is used descriptively it denotes an abnormal sense of being
(existence) and immersion in the world21. The dissociative subtype of PTSD emphasises two aspects
of

a

phenomenological

experience

characterised

by

dissociation:

derealisation

and

depersonalisation. Derealisation refers to a change in the experience of the environment whereby
it appears transformed, unreal or strange. Depersonalisation denotes a phenomenological state
where one’s own thoughts, feelings and actions appear impersonal, anonymous or mechanically
performed22. Albeit that both meanings of the term dissociation are widely used in the context of
PTSD, the dissociative subtype of PTSD uses the term to describe the presence of derealisation and
depersonalisation, and hence in its descriptive sense. Similarly, in this thesis dissociation is used
descriptively.
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A brief introduction to the neurobiology of PTSD

Neurocircuitry models of PTSD primarily concern the amygdala, medial Prefrontal Cortex (mPFC)

and hippocampus23. Briefly stated, the amygdala is hyperresponsive, causing excessive fear and the
potential for further cementation of traumatic memories. The increase in amygdala activity is
associated with an attenuated mPFC response during fearful states whereby its normal
downregulation of limbic structures is halted24. Meanwhile, an abnormal hippocampus contributes
to deficits in contextual processing and memory function. Abnormal activity in both the dorsal
anterior cingulate cortex and the mPFC may also play a role in explaining deficits in fear extinction,
emotion regulation, attention and exaggerated fear learning24,25. In accordance with the insula’ s
role in mediating bodily awareness and anxiety proneness, this region has also been found to be
hyperactive in PTSD26,27.
A dysfunctional regulation of hormones in the hypothalamic pituitary adrenal axis contributes to a
dysfunctional amygdala, mPFC and hippocampus and is detrimental for recovery28,29. While both
dopamine30 and glutamate31 have been associated with PTSD, it is primarily the neurotransmitters
serotonin and GABA that have been linked to dysfunctional connectivity within the limbic brain
regions and to a restricted ability to regulate bodily reactions to stress and fear32. Both abnormal
reward processing and microstructure in white matter tracts are also found in PTSD and will be
presented in more details below.
Reacting with symptoms of dissociation when presented with trauma-related stimuli has been
found to be associated with a specific pattern of neural activity33. Evidence suggests that the
prefrontal cortices exercise inhibitory mechanisms on the emotional limbic system. Functional and
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structural neuroimaging investigations have shown that a dissociative reaction is correlated with
increased mPFC activity and an increased volume of mPFC relative to healthy controls33–35. Further,
decreased activity of the limbic regions such as the insula and amygdala has been found33. The
current neurobiological model of dissociative symptoms in PTSD proposes that hyperinhibition of
limbic regions by mPFC brings the body to a state of hypoemotionality which is generally
experienced as being in a dream, disconnected from the body or as being in a fog33 (symptoms of
depersonalisation and derealisation).

Psychotic symptoms secondary to PTSD

In addition to the prototypic symptoms of PTSD, symptoms of a psychotic nature may also arise in
the aftermath of traumatic events. PTSD with secondary psychotic features (PTSD-SP) first appeared
in Western journals in the 1980s though is not recognised in current nosological systems as a distinct
entity36,37. The most recent attempt to operationalise PTSD-SP was carried out by Compean et al.38
and is presented in Table 2. Preliminary studies suggest that the prevalence of PTSD-SP varies
between 15-64% and that it is higher in combat-related PTSD, ethnic minorities and individuals from
war-torn nations, than among trauma-affected civilians36,38–42.
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Table 2. Proposed diagnostic criteria for PTSD with secondary psychotic features (PTSD-SP) by
Compean et al.43

1. Meets DSM-5 criteria for PTSD

2. Has positive psychotic symptoms, e.g. hallucinations and delusions

3. Cannot meet DSM-5 criteria for another psychiatric disorder such as major depression with
psychotic features, bipolar disorder with psychotic features, or primary psychotic disorder
such as schizophrenia or brief psychotic disorder

4. PTSD symptoms precede the onset of psychotic symptoms (i.e. no history of psychosis
before the trauma)

5. Psychotic symptoms are not limited to flashbacks episodes (i.e. longer duration)

6. Preserved reality testing (i.e. no formal thought dysfunction present)

Intrusive recollections, flashbacks, avoidance and emotional numbness are core PTSD symptoms
which may all mimic psychotic symptoms44–46. This has led to the consideration of whether PTSD-SP
is merely an example of a misclassification of symptoms, e.g. due to the cultural unacceptability of
patients' own interpretations of their PTSD symptoms47,48. For instance, intrusive memories of an
assailant’s verbal statements may be so frequent and distressing that patients describe it as hearing
voices.
These commonalities beg the question of whether PTSD-SP patients are best understood as patients
with a primary psychotic disorder or elaborate PTSD psychopathology. That PTSD-SP should be an
elaborate form of PTSD is supported by studies which found that PTSD-SP has more severe PTSD
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symptoms than PTSD patients without psychotic symptoms49–51. However, not all studies show
this52,53 and PTSD-SP can be differentiated from both primary psychotic conditions and severe PTSD
on a descriptive and an operational level. The content of the psychotic symptoms in PTSD-SP are
mostly trauma-related and tend not to be bizarre or complex but to rather be limited to auditory
hallucinations and delusions with paranoid and persecutory content36,48,54. No first rank
Schneiderian psychotic features appear to be present36. Moreover, in contrast to (brief) reactive
psychosis or acute transient psychotic disorders, psychotic symptoms in PTSD-SP always develop
after PTSD and are more chronic. Also, to ensure demarcation from other diagnoses, the suggested
criteria for a PTSD-SP diagnosis include the fact that the psychotic experience cannot occur
exclusively in the context of a flashback and requires preserved reality testing (see Table 1). The
latter requirement catapults the discussion into an older and more extensive debate, centred
around what is required for a condition to be termed psychotic in the first place55. Although
fascinating, this debate is outside of the scope of the present thesis. Finally, some evidence of
specific biological alterations in PTSD-SP has been accumulated (see below).
Comorbidity is common in PTSD and it has been suggested that other psychiatric conditions, such
as depression or drug-related disorders, mediate the development of psychotic symptoms. Several
studies have statistically controlled for the presence of alcohol- or drug-related disorders and still
found cases of PTSD-SP37,39,52,56 while other studies did not include patients with comorbid
depression and yet also found individuals with PTSD-SP51,57. While some literature suggests that
PTSD-SP is more frequent in patients with comorbid depression52,53,58, some literature does not49,59.
One study found a correlation between major depressive disorder and PTSD-SP though also that
none of the PTSD-SP patients met the diagnostic criteria of depressive disorder with psychotic
features39. However, studies still disagree whether PTSD-SP is present after carefully differentiating
10

trauma re-experiencing symptoms from psychotic symptoms and controlling for the effects of
comorbid conditions60.

Biological studies on PTSD-SP
Since 1998 around 10 biological studies on PTSD-SP have been conducted36,43,61, however, the
number depends on the definition of PTSD-SP. Most of these studies have investigated PTSD-SP
among war-veterans but often lack clearly specified inclusion and exclusion criteria for
participants38.

In one study, PTSD-SP was associated with increased activity of monoamine oxidase inhibitor B
(MAO-B)50. MAO-B is an enzyme that, among others, catalyses the oxidation of dopamine. The
authors suggest that an increase in MAO-B might be related to an increased dopamine activity in
PTSD-SP. In another study, PTSD-SP was related to a high concentration of platelet serotonin (5hydroxytryptamine, 5-HT)51. Interestingly, the highest concentration was found in PTSD patients
with delusions, which is in accordance with studies which have found an association between
serotonin levels and aggression, psychotic symptoms of depression and positive symptoms in
schizophrenia62–64.
Brain-derived neutrophic factor (BDNF) has also been implicated65 in PTSD-SP. BDNF is a
neurotrophin located in several regions of the brain, is involved in neuro-development, neuronal
functioning and plasticity, mood and behavioural responsiveness to stress66,67 and has been
associated with other psychotic disorders67. A higher concentration of corticotropin-releasing factor
(CRF) in cerebrospinal fluid has also been associated with PTSD-SP. Since CRF is already known to
be elevated in PTSD the authors state that the findings support the hypothesis that PTSD-SP is a
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severe subtype of PTSD68. The authors further suggest that increased CRF might cause psychotic
symptoms by increasing cortisol secretion from the adrenal gland which in turn causes increased
CNS dopamine activity69–71. The family history of PTSD-SP has also been investigated and there is a
familial relationship between PTSD-SP and depression, but not psychotic disorder72.
Several studies have also been conducted on the effectiveness of antipsychotics in treating PTSDSP. Antipsychotic medication works predominantly via antagonising dopamine receptors73 and
hence these studies can be helpful for clarifying the role of dopamine in PTSD-SP. Risperidone74,
quetiapine75,76 and olanzapine77 has shown an effect on the psychotic symptoms in PTSD-SP.
However, these clinical studies have all been open label trials and no randomised double-blinded
placebo controlled studies on antipsychotic medication and PTSD-SP have been undertaken43.
In summary, there exists no unifying pathobiological model of PTSD-SP and there is particularly a
paucity of genetic and neurobiological studies43. Given that the biological underpinnings to other
primary psychotic conditions, such as schizophrenia and bipolar disorder, have been investigated
thoroughly over the past three decades it seems obvious to capitalise on these accumulated
research findings. In this vein one potential biological avenue is the reward system, to which we
now turn.

12

The reward system

The reward system is an assemblage of functionally connected brain regions that enable us to
become motivated, approach pleasant experiences and enjoy them. Through facilitating the
evaluation of reward value, predictability and risk the system allows for rational decision-making
and appropriate goal-directed behaviour78. One important aspect of reward processing is the
consumption of rewards that are either preceded by stimuli associated with a reward to be
delivered (conditioned) or received without any conditioned stimuli (unconditioned)79. Another
important facet is reward motivation (‘wanting’), marked by the anticipation and approach of a
reward80. Despite its name the reward system is generally tuned to the motivational — or salient —
aspect of stimuli81 and also process alerting and aversive events82,83.
The key structure in reward processing is the cortico-ventral basal ganglia circuit (cortico-striatalthalamo-cortical loops)78. This circuit is comprised of the orbitofrontal cortex (OFC), anterior
cingulate cortex (ACC), the ventral striatum (VS), the ventral pallidum (VP) and the midbrain
dopamine (DA) neurons (such as the ventral tegmental area (VTA))78. The cortical regions mediate
aspects of reward-based behaviour and value, the VS and VTA process reward detection and
anticipation of rewards and the midbrain dopamine regions are involved in reward prediction and
coding of prediction error84–88. Input arrives predominantly in the VS, largely from the prefrontal
cortex, cingulate cortex, insular cortex, thalamus and VTA. Afferent projections to the VS from the
amygdala and hippocampus makes VS a part of the limbic circuit. Beside the limbic circuit, the basal
ganglia house parts of the associative and motor control circuits located anatomically adjacent
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within striatum. However, these circuits do not only process through parallel streams but also
through integrated mechanisms whereby information is transferred between circuits78.
The OFC, mPFC89–91, thalamus92,93, amygdala94,95 and cingulate cortex90,96 are activated during
reward consumption. However, since rewards come in many shapes researchers have attempted to
differentiate neural substrates accordingly. Primary rewards encompass events with evolutionary
innate value such as food, sex and shelter. Secondary rewards, like power and money, are valuable
both because they give indirect access to primary rewards and because of their more abstract
worth. It appears that the insula and amygdala are to a larger extent activated by primary rather
than secondary rewards and vice versa for the most anterior portion of the OFC97. Another
distinction is social rewards, which on a neural level appear to be as much associated with the
general reward system as non-social rewards98. Coherent with its involvement in facial emotion
processing in general 99–101, the amygdala appears to be more intensely activated by social stimuli
relative to non-social stimuli88. Importantly, social incentives are likely to be less powerful in
activating the reward system, as a majority of people have been found to perceive social incentives
as less valuable when compared to financial incentives88,102.
The reward system has received substantial attention in psychosis research and both schizophrenia
and bipolar disorder share dysfunctions in the neural processing of reward that have been linked
to psychotic symptoms103. A unifying theory of psychotic symptoms began with the effect of
antipsychotic drugs being related to their affinity for dopamine receptors104. It was later shown that
the rostral part of the striatum had an increased dopamine activity in schizophrenia105,106.
Meanwhile, clinical research, building on studies showing that patients with schizophrenia had
difficulties ignoring irrelevant stimuli, suggested that psychotic symptoms arose because internal or
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external mental representations were vested with disproportional significance107,108. Since the
striatum has a key role in stimulus-response processing, theoretical and biological knowledge was
merged into the aberrant salience hypothesis109,110. This theory hypothesises that psychotic
symptoms occur due to elevated dopaminergic activity in the ventral striatum whereby insignificant
stimuli catch our attention and are (aberrantly) attributed with importance by the individual. Several
fMRI studies have supported this theory111. More recent findings narrowed the dopamine
hyperactivity in schizophrenia to be most pronounced in the associative striatum112. Since reward
prediction is processed in the associative striatum, reward prediction errors are also assumed to
underlie psychotic symptoms113. However, as the dopamine neurons in the limbic and associative
striatum are connected through microcircuits 78,114,115 both regions are suggested to contribute to
both salience and prediction error processing112,116.

Using fMRI, several studies have been conducted on reward consumption in PTSD populations. In
response to passively viewing happy faces, blunted activity in the ventral striatum was observed in
patients with PTSD, and was thus further associated with the severity of anhedonia117. Likewise,
PTSD patients showed decreased activity in the left fusiform gyrus, temporal pole and superior
frontal cortex, but increased activity in the precentral and superior frontal cortex when rewarding
pictures were shown to subjects118. Imagery of positive social and non-social events in PTSD has
been associated with decreased activity in the left dorsomedial prefrontal cortex and increased
activity in the insula, respectively119. One fMRI study using conditioned positive feedback found
decreased activation in the VS and medial PFC of patients120.
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The only study that has investigated reward anticipation using passively received monetary rewards
(a wheel-of-fortune paradigm) found no significant differences between PTSD patients and healthy
controls during reward anticipation, but did find that PTSD patients had decreased striatum activity
during reward consumption (mean parameter estimate across the nucleus accumbens, caudate and
putamen bilaterally) and that the activity negatively correlated with symptoms of anhedonia121.
Anhedonia in trauma-exposed individuals has also been associated with increased functional
connectivity between the default mode network (DMN) and nucleus accumbens, suggested to
reflect the view that anhedonia is the result of the nucleus accumbens being hijacked by an
overactive DMN. Collectively, PTSD appears to be associated with decreased activity in the VS and
frontal regions during reward consumption, however the results are conflicting122.
Reward processing does not take place in an isolated system but rather through interaction with
the world around us. On a psychological level the way we perceive the world depends on our
emotional state123 and it is possible that flashbacks and intrusive memories in PTSD change the way
rewards are processed on a biological level. This option could be explored using symptomprovocation, which is introduced next.
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Script-driven imagery as symptom-provocation

PTSD is a case in point of the reciprocal connection between emotions and memory on a
psychological as well as biological level124–126. Both memory formation and retrieval are stimulated
by emotions just as emotions can be induced by recalling past events124,126,127. Also,
autobiographical events formed during states of great emotional intensity bring greater memory
vividness when later retrieved. Naturally, PTSD research has favoured symptom-provocation using
traumatogenic stimuli when studying the biological wiring in PTSD128. To enable the reproduction
of a particular individual’s traumatic experience, most symptom-provocation paradigms have used
script-driven imagery of a PTSD patient’s past traumatic experiences that form part of his or her
PTSD gestalt129.
Generally, PTSD patients respond to symptom-provocation with increased physiological arousal130
and neural activity in the mid-line retrosplenial cortex and precuneus, indicating increased selfreferential processing131. Also, different psychopathological responses to symptom-provocation
have been shown to have distinct biological underpinnings132. When PTSD patients respond to
symptom-provocation with symptoms of dissociation they have increased prefrontal activity
whereas when they respond with fear, prefrontal activity is reduced while amygdala activity is
increased133. The biological correlates to changes in how emotions are perceived following
symptom-provocation have not, however, been investigated in PTSD.
PTSD is associated with more than functional neural changes and the next section introduces
research on altered microstructures in white matter tracts.
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White matter

Thus far the outlined aspects of the neurobiology of PTSD have predominantly been supported with
reference to studies of abnormal neural activity and volumetric changes of grey matter. The reason
for this is that most neuroimaging investigations have used methods that elucidate structural and
functional features of the brain. However, there has been an increase in investigations of the
microstructure of white matter (WM) characteristics in PTSD, using diffusion-weighted magnetic
resonance imaging (DWI)134,135 analysed with the diffusion tensor imaging (DTI) framework136. This
method can help assess the anatomical connections and structural connectivity between brain areas
that provide a basis for functional interactions between these areas137.
Alterations of WM microstructure, primarily using FA (see below) as a surrogate measure, have been
repeatedly found in PTSD134,138 and is indicative of decreased myelinisation, axon density and
microstructural WM organisation. The direction of the associations is conflicting, however, and both
increased and decreased FA has been associated with PTSD134,138. In accordance with previous
reviews139–142134,135, a systematic review and meta-analysis from 2018 showed that PTSD has most
consistently been associated with WM alterations in the Uncinate Fasciculus (UF), Cingulum Bundle
(CB) and the Superior Longitudinal Fasciculus (SLF)134. The UF connects prefrontal cortices to the
amygdala and insula143,144, which are pivotal regions for emotional processing in general145,146 and,
as outlined above, implicated in dysfunctional emotion regulation in PTSD23,147. In accordance, an
increased lifetime arousal score in PTSD has been associated with a decrease in FA measures in the
UF141. The CB is a fibre pathway that interconnects frontal, parietal and medial temporal sites144,148.
Part of the CB connects the cingulate cortex to the hippocampus and plays an essential part in
episodic memory125,148. This is of relevance to PTSD as it is characterised by deficits in contextual
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processing and memory function related to abnormal hippocampus activity23,149,150. Moreover, FA
measures in the CB has been found to be negatively associated with trait measures of avoidance in
PTSD141.
The Superior Longitudinal Fasciculus (SLF) has also repeatedly been implicated in PTSD151–153. SLF
can be divided into three segments (SLF I-III) that interconnect areas within the frontal, parietal,
occipital, and temporal lobes154–156. The SLF is related to higher cortical functions154,155, which is
relevant to PTSD as the condition is marked by decreased neurocognitive functions such as verbal
learning and speed of information processing150.
Changes to WM tracts can occur because of neurodegenerative diseases157, physical traumas158 and
stress159, but more recently it has become clear that WM plasticity can happen throughout
adulthood and has been linked to general learning and neural circuit formation160. In the context of
PTSD, the genetic makeup, epigenetic mechanisms and psychological traumas have been found to
increase proinflammatory cytokines in PTSD161–166 which are known to be part of the
pathophysiological mechanism behind WM changes167. To date, there has been a dearth of research
in the microstructure of WM fibre tracts in individuals with PTSD as a result of histories of prolonged,
interpersonal and repeated traumas134,138.
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Magnetic Resonance Imaging (MRI)

Magnetic resonance is based on magnetic properties of the human body which can be manipulated
and analysed with an MR scanner. The source of MR imaging in general is the hydrogen nucleus (a
proton) due to its magnetic property (dipole) and its abundance in water molecules. When a human
is placed inside an MR scanner the hydrogen nuclei will to some (small) extent align themselves
parallel to the magnetic field, causing a new bodily state of magnetisation (equilibrium) oriented
along the direction of the scanner's magnetic field (B0) (Figure 1). In the process of aligning
themselves, the protons will start to precess. Once equilibrium has been reached, the net
magnetisation can be set in motion by applying a small perpendicular magnetic field in resonance
with the precession of the hydrogen nucleus (excitation). The application of the perpendicular
magnetic field rotates the magnetisation out of equilibrium by inducing precession around a new
rotating field vector (B1) perpendicular to the B0 field. After excitation, the nuclei emit radio waves
while the net magnetisation returns to equilibrium (along B0). It is by measuring these radio waves
that many aspects of human tissue are revealed.
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Figure 1. Before entering the MR scanner,
the situation is as shown in the two
panels to the left illustrating the nuclear
orientations in two ways: The protons are
oriented randomly, with a uniform
distribution over directions, meaning
that there is about an equal number of
nuclei pointing in all directions. When a
magnetic field B0 is added, as shown in
the two panels to the right, a degree of
alignment is established. The direction
distribution becomes “skewed” so that a
majority of the nuclei point along the
field. Image by Lars G Hanson248.

Albeit that the patient is put inside a scanner with a strong magnetic field, the hydrogen nuclei are
still considerably affected by interactions in the neighbouring local environment. The extent to
which the individual hydrogen nucleus is susceptible to reorientation depends on the details of the
surrounding tissue, including its firmness (molecular mobility). Collectively, the magnetic forces
from the externally applied magnetic field and neighbouring interactions govern the time required
to reach equilibrium anew (relaxation time). Due to the fact that the relaxation time for brain tissue
is reasonably short, MR imaging of the brain is practically possible. Moreover, the relaxation time is
different for different brain tissue and occurs on two different time scales whereby tissue can be
distinguished in different ways. The magnetisation along the scanner’s magnetic field (the
longitudinal magnetisation) approaches equilibrium on timescale T1 (approximately one second for
brain tissue and several seconds for water) while the magnetisation perpendicular to the magnetic
field (the transversal magnetisation) decreases relatively rapidly and irreversibly on timescale T2
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(approximately 100 milliseconds for brain tissue). In fact, the signal decays even faster on timescale
T2* shortened by field inhomogeneity, however the additional signal loss is reversible. The contrast
in an MR-image is dependent on how the tissue is excited and when the MR signal is measured
(echo time), which can reflect the T1 and T2 properties of the tissue, in addition to field
inhomogeneity.

Imaging
Making the brain emit radio waves does not create an image. To achieve this, extra electromagnets
called gradient coils are needed. These are used to localise the sources of the emitted radio waves.
The coils slightly graduate the strength of the scanner’s magnetic field whereby the resonance
frequency becomes different across the volume of interest. It is thereby possible to excite one slice
of the tissue at a time. Moreover, it is possible to determine the distribution of magnetisation within
a slice by analysing the signal changes when inducing rotational patterns (“phase rolls”) of the
precessing nuclei. The pattern of a phase roll depends on the field gradients applied within the
excited slice. For each pattern a vector (k), which carries spatial information used to calculate an
image, is assigned.
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Functional Magnetic Resonance Imaging (fMRI)

Functional Magnetic Resonance Imaging reflects an imaging procedure that measures changes over
short time intervals. Brain activity is measured using changes in the blood composition surrounding
the neurons as a surrogate measure for their activity. Such a proxy is permissible since neuronal
activity is coupled with an increase in blood flow. Neurovascular coupling regulates the changes in
blood supply resulting in a local decrease in the deoxygenated haemoglobin concentration. This
changes the magnetic properties of the blood since, as opposed to deoxygenated blood, oxygenated
blood is diamagnetic (by way of paired electrons) resulting in a more homogeneous local magnetic
field. The more homogeneous the field, the longer the neighbouring nuclei will precess in phase
during relaxation, whereby the MR-signal increases relative to an inhomogeneous context, e.g.
caused by deoxyhaemoglobin. Collectively, during neural activity, increased blood supply decreases
the concentration of deoxygenated haemoglobin which causes an increase in the homogeneity of
the local field and an increase in the overall signal. This is referred to as the blood-oxygen-leveldependent (BOLD) effect. The BOLD-signal recorded from a single brief stimulus is described by the
canonical hemodynamic response function.
To capture changes in the BOLD-signal over a short timeframe (seconds) the data from each entire
slice is obtained following only one slice excitation (in the shape of a radio-frequency pulse). Such
acquisition is called echo-planar imaging. The high temporal resolution limits the amount of spatial
information which is why functional MR-images appear blurred compared to e.g. a clinical T1weighted image. MRI scanning software creates 3D pixels (voxels) of typical isotropic dimensions to
represent the MR-signal. A voxel of 1 cubic millimetre represents around 100,000 neurons.
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Analysing task-driven fMRI
Functional MRI data can be analysed in several ways. The most widespread method is to design an
activation scheme with stimuli or tasks and convolve it with the hemodynamic response function to
create a time series model for how the MR-signal would look if the neurons were activated by the
stimuli. This implies that the experimental manipulation and the underlying paradigm is known by
the researchers. The model is common for all voxels and the same for each participant, and includes
various types of stimuli or tasks, each defining a regressor. In Study I, an example of such a regressor
was winning 7 Euros while in Study II an example was viewing an emotionally positive picture. Once
data is acquired from a participant, the model’s fit to the signal is calculated (the beta-values) for
each voxel. Both Studies I and II were analysed in this manner.

Statistical inferences of fMRI
One common approach to analysing fMRI data is called voxel-wise analysis. This refers to a statistical
analysis where each voxel is tested separately. The decision of whether a voxel was activated is
based on hypothesis-driven statistical testing where the null-hypothesis is that the recorded signal
was not influenced by a specific stimulus, i.e. the beta-value is zero. The result is a statistical
parametric map of the brain of each participant where each regressor is tied to a statistic (e.g. tstatistic) for each voxel. When a statistical map from each participant has been obtained, these are
then used, for instance, to compare groups. When group comparison is done one voxel at a time, a
statistic for each voxel being compared is computed. This method results in a high number of
comparisons and hence a high risk of false positive results. There exist different methods to control
for this multiple comparison issue. In FSL it is possible to use threshold-free cluster enhancement
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(TFCE). TFCE performs corrections for multiple comparisons using an adaptive strategy involving
both the intensity of the statistics as well as the spatial extent168. This method performs
permutation-based testing and avoids the need to provide a cluster extended threshold169. This
method was used in Study I. An alternative approach is to correct for multiple comparisons using
peak-level family-wise error correction. This approach uses random field theory and peak height
information (rather than cluster extension) to threshold images. This approach was used in Study II.
When correction for multiple comparisons is performed the p-value for each test statistic is adjusted
according to the number of tests performed. This procedure decreases the risk of false positive
results but also increases the risk of false negative results. Ideally, the choice of which regions, i.e.
voxels, to test is guided by a pre-specified hypothesis. In such cases, the a priori degree of belief in
a specific result effects the statistical threshold used to reject the null hypothesis. In the context of
fMRI, a brain region with an a priory hypothesis can be called a Region of Interest (ROI). Regions of
Interests may be used to extract estimates of evoked signals or to limit correction for multiple tests
to a subset of all voxels170. If a ROI is used to extract the mean estimates, it is important to assume
that the ROI is functionally homogenous. If, on the contrary, the voxels within the ROI are
heterogenous and only some are activated by the task, the signal risks being swamped by voxels
with no activity.
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Diffusion Weighted Magnetic Resonance Imaging (DWMRI) and Diffusion Tensor
Imaging (DTI).

Diffusion Weighted Magnetic Resonance Imaging (DWMRI) is a procedure that measures Brownian
motion, i.e. the random thermal movements of water molecules (self-diffusion). In DWMRI,
molecular displacements are traced using pairs of dephasing- and refocusing gradients that create
signal attenuation due to diffusion related phase dispersion. If no diffusion takes place, the
refocusing magnetic pulse will simply rewind the changes in the spin phase that the dephasing
gradient created, and no net changes are measured. When diffusion happens, the refocusing pulse
will not rewind the phase perfectly and the net signal is attenuated. The attenuation can be used to
estimate diffusion coefficients in individual directions. As pairs of dephasing-refocusing gradients
are applied in many non-colinear directions, the signal loss factors describe diffusion in a threedimensional space. The scaled set of loss factors constitutes a diffusion tensor, which is an
anisotropic generalisation of the diffusion coefficient describing an ellipsoidal model of Gaussian
displacements (Figure 2). The axes of the ellipsoid are called eigenvectors, and the corresponding
diffusion coefficients are eigenvalues. Analysing DWMRI data with the diffusion tensor framework
is called a DTI-analysis. A characteristic property of e.g. white matter is an elongated, anisotropic,
diffusion tensor as water molecules move more freely in the direction of aligned tubular axons.
When the diffusion tensor is determined, valuable diffusion parameters can be derived, among
others fractional anisotrophy (FA) and mean diffusivity (MD). FA reflects the scaled variance of the
eigenvalues and is a value ranging from 0 (= equal diffusion in all directions) to 1 (= diffusion in only
one direction). MD is the sum of eigenvalues divided by 3 (the mean) and a low value reflects tissues
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with a high density of restrictions. The DWI data is typically of lower resolution and typically captures
the average of all intra- and extracellular environments within a 2 mm isotropic voxel. The diffusion
coefficients from the DTI-analysis will thus not reflect a single Gaussian process but is often referred
to as apparent diffusion coefficients reflecting the underlying microstructure.

Figure 2. Valuable diffusion parameters can be
derived from the three eigenvectors (e).
Among others, they can be used to describe the
directionality (FA) of the water molecule’s
diffusion. Image by Henrik Lundell249.

Interpreting FA and MD measures
FA and MD are sensitive to alterations related to microscopic cellular effects, mesoscopic axonal
architecture and alignment up to macroscopic differences171–173. However, alterations in FA or MD
are not related to a specific effect and their interpretation must be done in the context of the
pathology of interest. As noted above, the pathophysiological mechanisms underlying WM changes
in PTSD are likely linked to genes, epigenetic mechanisms and psychological stress and their
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stimulating effect on proinflammatory cytokines162–165,167. As the neural mechanisms associated
with anxiety and fear has been conserved during evolution, animal models could assist the
interpretation of DTI metrics174. For instance, studies conducted on rats have found that stress
exposure is related to altered diffusivity and cytoarchitectural changes related to dendritic growth
and loss in the amygdala and hippocampus, respectively175. Moreover, myelin modulating
mechanisms may also play a part in the mechanism leading to white matter degeneration or activity
dependent plasticity160.

Analysing DWMRI and DTI Data
The output data from DWMRI and TBI are metrics (e.g. FA and MD) that describe diffusion properties
of water molecules in a voxel. However, contrary to an fMRI data set there is only one measure (but
several DTI-metrics) from each voxel. To be able to treat data from individual scans as a
homogenous sample from a population of interest it is necessary first to register all individual data
to the same standard space. The steps involved in such registration depends on which method of
analyses is used. With tract-based spatial statistics (TBSS), the FA image in each individual scan is
projected onto a tract skeleton template whereby a whole-brain WM analysis is made possible for
a limited part of the core white matter170. This method is widely used but is not without limitations,
and the extent to which the tract-template can indeed be reasonably specific has been
questioned171. Anatomical tract specificity is especially a concern in regions with differently oriented
fibre bundles and in the beginning and end of tracts as they tend to sprawl.
Alongside the development and widespread usage of TBSS, DTI data has been analysed using
tractography based region of interest (ROI) approaches. Tractography uses the directional
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information of fast diffusion that coincides with axonal directions to reconstruct individual
trajectories of axonal pathways in each participant. One advantage of this approach over TBSS is
that it does not require each individual DTI-image to be registered to a tract-based template.
Instead, this method relies on each ROI being specified for each individual. Another important
aspect of this approach is the extraction of the overall tract volume that is likely to affect DTI metrics
through partial volume effects. While previously this process needed to be separately completed by
hand for each subject, it can now be automated through the use of computer programs172.

Preprocessing MRI-data

Several pre-processing steps are required before MRI data can be analysed quantitatively. Most of
these steps are embedded with some degree of uncertainty as to whether the step was sufficiently
carried out and with some theoretical assumptions that may be disputed176–178. Consequently,
considerations for how to take each step and for the quality assessment of the outcome of each
step is important. Several software programs have been designed to pre-process and analyse fMRI
and DWMRI data. The two most popular are Statistical Parametric Mapping (SPM) and the FMRIB
Software Library (FSL). Both programs offer a range of processing and statistical analysis solutions
and the choice between the two is often strongly influenced by the tradition in a specific research
community. For the current projects both SPM and FSL were used, as the project was a collaboration
between different research communities with different traditions. Studies I and III were analysed
using FSL and Study II was analysed using SPM. Below follows a presentation of the preprocessing
streamlining for the acquired MRI-data.
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Correction for field inhomogeneity
First, all acquired data was visually inspected for overall quality. It is here important to evaluate the
scaling of the data, head motion, distortions and general artefacts. Next, data can be corrected for
distortions caused by field inhomogeneity. This can be done by using data acquired with opposite
encoding directions. This step was carried out on data presented in Studies I and III. This step was
omitted from the pre-processing of data in Study II because disagreement exists as to whether this
step is necessary or even potentially harmful179.
Motion correction
Some head motion is inevitable but can have a large influence on the MRI-signal. Several approaches
to correct for this have been developed. Both fMRI data sets were rigid-body registered to the mean
functional image. This means that all volumes acquired during the fMRI session were aligned (fitted)
to the middle volume. The information (residuals) from this procedure was used as motion
regressors when the MRI-signal was later fitted to a model of the BOLD response. Furthermore, we
marked volumes with an extreme intensity difference and omitted them from the model (only for
data from Study I). For the DWMRI data we used a toolbox (eddy, FSL) that corrects for eddy currentinduced distortion and subject movement in the same processing step.
Co-registration
The fMRI and DWMRI data have a low spatial resolution and there is little anatomical information.
Therefore, the images are co-registered to a high-resolution anatomical image acquired from the
same subject. This image is usually a T1-weighted image. The process applies different cost functions
and makes use of transitions between different neural tissues and boundaries to transform and
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align the functional to the structural data. Since both data sets are from the same subject the
transformation does not change the size or shape of the images.
Spatial Normalization
To be able to make inferences and comparisons based on statistical analyses, data from different
individuals need to be projected onto the same template and into the same standard space. For
fMRI data it is mostly registered to the Montreal National Institute (MNI) space but alternative
spaces such as the Talairach space are also used. These spaces are standardised anatomical
templates and allow researchers, for instance, to make use of standardised atlases to navigate and
obtain information regarding the position of neural activity. Data from DWMRI can be registered to
a standard FA template that contains standardised information pertaining to FA values. Spatial
normalisation requires both linear and non-linear registration methods. This implies that the size
and shape of the images are changed (warped).
Spatial smoothing
Spatial smoothing involves the application of a filter to the image, which removes high-frequency
spatial information in fMRI data. The purpose is to remove signal variation on a small length scale
whereby the signal-to-noise ratio increases. The trade-off for increasing the likelihood of detecting
activation that takes place on a large spatial scale is the loss of smaller features. Smoothing further
minimises the consequences of non-perfect spatial normalisation (which is never perfect). The most
common means for smoothing is to apply a Gaussian filter (or kernel). The size of the Gaussian filter
depends on, among others, the size of the voxels, and typically a filter that is twice the size of the
voxels is used. In both the fMRI studies we used a 5 mm Gaussian filter.
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Temporal high-pass filter
Due to the presence of low-frequency fluctuations related to scanner drift, a temporal filter that
removes these frequencies is often applied. Both fMRI data sets in this thesis had oscillations with
a frequency lower than 1/128 Hz (= 0.008 Hz) removed.
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Objectives and hypotheses

The overall aim of this PhD thesis is an increased knowledge of neurobiology in trauma-affected
refugees with PTSD. More specifically, we wanted to study functional neural correlates to anhedonia
in PTSD and assert how the processing of positive experiences is affected by traumatic memories.
Further, we wanted to investigate the neural underpinnings of psychotic symptoms that occur
secondary to PTSD. Finally, we wanted to study the microstructure of white matter in PTSD and how
it is related to different emotional response patterns of individualised trauma provoking stimuli. To
achieve these ends functional Magnetic Resonance Imaging (fMRI) and Diffusion-Weighted
Magnetic Resonance Imaging (DWMRI) were chosen as biological methods.

In Studies I-III we hypothesised that:
-

PTSD would be associated with reduced activity in the frontal cortex when receiving a
reward, and secondly that the reduction would correlate with severity of anhedonia. We
also hypothesised that relative to PTSD participants with no secondary psychotic symptoms,
PTSD participants with secondary psychotic symptoms would have a reduced neural
response in striatal regions during reward anticipation.

-

Relative to RHC, PTSD participants would have less activity in the brain’s affective network
when viewing positive pictures relative to control pictures and that the activity would
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correlate with symptoms of anhedonia. Following symptom provocation, we expected that
the activity related to viewing positive stimuli would be attenuated, and more so in PTSD
participants than RHC. Finally, we hypothesised that dissociative and arousal symptoms in
response to symptom provocation would correlate with increased activity in medial
Prefrontal Cortex (mPFC) and amygdala activity, respectively.

-

PTSD would be associated with less coherent and dense axons and loss of membrane
integrity in white matter, as represented by decreased FA and increased MD, in the Cingulum
Bundle (CB), Uncinate Fasciculus (UF), Superior Longitudinal Fasciculus (SLF) and fibre
bundles connecting the orbito-frontal (OF) cortex to the ventral striatum (OF-ST). We also
expected that increased arousal would be related to decreased FA and increased MD in the
UF, but that this pattern would be reversed for symptoms of dissociation. Moreover, we
hypothesised that avoidance and difficulties retrieving trauma memories vividly would be
related to a decrease in FA and increase in MD in the CB.

The hypotheses and planned analyses pertaining to Studies I and II were pre-registered at
www.osf.io. This platform allows for study protocols to be uploaded and registered. Once registered
the protocol is frozen and cannot be edited. The registration for Study I and II can be found at
https://osf.io/cu2bp/ and https://osf.io/ra5bn/, respectively. The hypotheses for Study III were not
pre-registered.
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Methods

Participants
From May 2016 — April 2018 seventy-eight male refugees or male family members reunified with
a refugee were included. Participants with PTSD were recruited at the Competence Center for
Transcultural Psychiatry (CTP), Mental Health Centre and the Mental Health Services in the Capital
Region of Denmark. CTP provides multidisciplinary services to trauma-affected refugees without a
primary psychotic disorder. Both patients with ongoing and previous treatment for PTSD were
invited to participate. The refugee healthy control (RHC) group was recruited via advertisements
(public posters and on the internet) and from family and acquaintances of interpreters at CTP.

Power calculation
The research questions related to Study I (reward system) determined the sample size. The
Standardized Difference (1.23) was obtained from a previous study using approximately the same
reward paradigm as described below111. Sixteen participants in each group were needed to reject
the null-hypothesis, at alpha set to 0.05 and Beta to 0.80, that activation of ventral striatum was not
significantly different in each group.

Matching
The two PTSD groups were matched for age and we also strived to match the PTSD and RHC groups
for age, but because of limited recruitment possibilities this was not fully attained. The RHC and
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PTSD groups were not matched for lifetime trauma experience, but neither were traumatic events
an exclusion criterion for RHC.

Inclusion and exclusion criteria
Inclusion criteria were male sex and a Danish residence permit on the grounds of being a refugee or
family reunified to a refugee. Moreover, participants had to be fluent in Danish, Arabic, Farsi,
Bosnich or Kurdish. For all participants, previous moderate or severe traumatic brain injury (TBI)
were exclusion criteria but mild TBI was permissible. Past TBI was identified using the Ohio State
University Identification Method180. Furthermore, alcohol units < 21/week were permitted but
substance abuse was not, and all participants underwent a substance abuse urine test (Rapid
Response, BTNX Inc., Canada) and the Alcohol, Smoking and Substance Involvement Screening
(ASSIST)181. MRI exclusion criteria included claustrophobia and standard MRI safety incompatibility.
For PTSD participants it was an exclusion criterion to have had symptoms of depression before the
onset of PTSD. Moreover, PTSD participants were not allowed to have received antipsychotic
medicine within the last month, but antidepressants were not an exclusion criterion.

Non-completers
Two RHC participants and one PTSD participant withdrew consent due to a change of mind; one
PTSD participant was later diagnosed with a primary psychotic disorder; two PTSD participants and
one RHC opted out of the study due to anxiety during scanning; and one RHC participant could not
be scanned due to obesity. One participant only completed the reward fMRI session. Hence, the
study sample for which both clinical and reward fMRI data was available consisted of 39 participants
with PTSD and 31 RHC participants (Study I). The picture viewing fMRI data set (Study II) and DWMRI
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data set (Study III) consisted of 38 participants with PTSD and 31 RHC participants without PTSD.
The clinical and demographical variables of the 4 PTSD and 4 RHC participants that did not complete
the study fell within one standard deviation (continuous variables) from the mean of PTSD and RHC
participants that did complete the study.

Ethical considerations
Research subjects with a psychiatric diagnosis constitute a vulnerable research population. The
competence to make decisions can be weakened by their psychiatric symptoms and most of our
PTSD participants were treatment-seeking, rendering them further susceptible to exploitation. As
the script-driven imagery of past traumatic memories (see below) was associated with considerable
distress, is was paramount that the participants had fully understood all elements of the study
before they consented. To achieve this, all participants were informed in depth about each step of
the study and extra attention was given to the script-driven imagery procedure and the anticipated
distress it would elicit. Moreover, it was underscored that there would be no personal benefit from
participating in the study. They did receive a small fee to compensate for the time they spend in the
study and their expenditures related to public transportation were reimbursed. However, they had
to pay taxes on this fee and it was not the intent that participants by driven by an economic
incentive. Instead, throughout the recruitment process the main motivation given for participating
was the possibility of contributing to knowledge concerning their disorder with the potential to be
of use in future treatment regimes.
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Clinical assessments

All questionnaires were available in the participants' native language and translators were
accessible throughout the study.
All participants
All participants filled in the Life Event Checklist (LEC), the Harvard Trauma Questionnaire (HTQ) and
the Hopkins Symptoms Check List-25 (HSCL-25). From the HSCL-25 we used only the depression
items (HSCL-25-depression). The Schedules for Clinical Assessment in Neuropsychiatry (SCAN) were
used to assess the presence of PTSD, depression and enduring personality change after catastrophic
experiences in all participants182. SCAN was also used to exclude participants with manic episodes
or schizophrenia. The Script-Driven Imagery Scale (RSDI)183 was used to capture symptoms of
arousal, avoidance and dissociation in response to symptom provocation (Studies I and III). RSDI
uses four questions to assert symptoms of dissociation and arousal and three questions to assert
avoidance. Each question is answered on a seven-point Likert scale (0 = “not at all”, 6 = “a great
deal”) and for each symptom cluster the answers are summed to subscores.
PTSD participants
Participants with PTSD were further interviewed with the Clinician-Administered PTSD Scale for
DSM-5 (CAPS-5), assessed for the month preceding the interview184. The CAPS-5 assesses PTSD
criterion D (negative alterations in cognitions and mood associated with the traumatic event) with
seven questions. Three of these questions (D5, D6 and D7) specifically address symptoms of
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anhedonia. In Studies I and II we used the sum of the score from these three questions as a measure
of anhedonia.
Participants with PTSD were also interviewed with the Positive and Negative Syndrome Scale
(PANSS)185. We adhered to the proposed criteria for PTSD-SP by Compean et al.43 and subcategorised PTSD participants as PTSD-SP if they scored a minimal of moderate ( = 4) on at least one
positive item on the PANSS. Of the 39 PTSD participants, 21 were categorised as PTSD-SP. To assure
the exclusion of participants with a primary psychotic disorder, the PTSD-SP participants were
evaluated by a second psychiatrist who did not form part of the research group. The second
evaluation led to the exclusion of one participant as he met the ICD-10 criteria for schizophrenia.
The following is an excerpt from the clinical description of a participant with PTSD and secondary
psychotic symptoms who scored a four on both hallucinatory behaviour and delusions of
persecution on the PANSS:
“The participant relates that several times a week he hears screams and harsh voices yelling, often
in a language he doesn’t recognise. The experience lasts for minutes. The voices are all war-related
and makes him think about his time in the army. In many occasions, he feels he can relate the voice
to a specific event (e.g. the scream of a falling close comrade). When he hears the voices he
sometimes looks up and around to search for the source and often he feels uncomfortable. However,
at other times the voices are mostly experienced as intrusive thoughts and don’t make him look up…
He has ideas that someone is following him because they mistakenly think that he is politically active.
However, ever since leaving Iraq he hasn’t been involved in politics. If he is comforted and assured
of his safety the feeling of being followed often goes away and he can get rid of it if he talks about
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it with his therapist or family. However, the feeling sometimes influences his actions whereby he, for
instance, might choose a new route to go shopping or close the curtains to his living room.”
We only had a specific hypothesis concerning PTSD-SP in Study I and only here did we analyse data
using three groups: Participants with PTSD but no secondary psychotic symptoms (PTSD-NSP, n =
18), participants with PTSD and secondary psychotic symptoms (PTSD-SP, n = 21) and refugees with
no psychiatric diagnosis (RHC, n = 31). In Studies II and III, we only used two groups (RHC and PTSD)
in the main analysis. In Study II we explored the relationship between secondary psychotic
symptoms and the biological measures with correlation analyses using the PANSS positive subscore.

MRI data acquisition and experimental designs
This section provides a summary of MRI acquisition and experimental design. Further details can
be found in the respective papers.
For each participant, all scans were performed at 3 Tesla on the same day. The whole day lasted
approximately three hours. Participants were first scanned with fMRI during a monetary reward
incentive task (Study I) and then scanned with DWMRI (Study III). The scan also included a structural
protocol for radiological evaluation. After a break of 45 minutes they were then scanned again with
fMRI (Study II). Inside the scanner, the participants were wearing headphones and a pulse oximetry
probe. A mirror was placed on the head coil providing a view through the bore onto a screen.

40

Study I
We acquired 296 echo-planar imaging (EPI) volumes in one session of approximately 11 minutes.
While undergoing fMRI participants performed a Monetary Incentive Delay (MID) task and
underwent 72 trials (Figure 3). The trial included a cue phase (2 seconds), a waiting phase (2
seconds), a target phase (~300 milliseconds) and an outcome phase (= 4 sec). There were three
different cues (= trial types): An up arrow (Uncertain Gain), a down arrow (Uncertain Lose) and both
an up and down arrow (Neutral). Each cue was presented 24 times. The cue phase and waiting phase
together constituted the anticipation phase. During the target phase the participants had been
instructed to press a button on a computer mouse. The duration of the target phase was adjusted
using a staircase model to secure a hit rate of approximately 66%. A successful hit during an
Uncertain Gain trial resulted in an outcome of 50 Danish krone (= 7 Euro), an unsuccessful hit during
an Uncertain Gain trial resulted 0 Danish krone, a successful hit during an Uncertain Lose trial
resulted in 0 Danish krone, an unsuccessful hit during an Uncertain Lose trial resulted in -50 Danish
krone and both a successful and unsuccessful hit during a Neutral trial resulted in 0 Danish krone.
Each participant had been carefully instructed regarding the meaning of each cue and had two
practice sessions lasting 5 minutes each, prior to the data acquisition. The participants were not
informed of the adaptive hit rate.
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Figure 3. Participants underwent two different tasks while being scanned with fMRI

Left of the arrow: The MID task. There were three different trial types (Uncertain Lose, Uncertain
Gain and Neutral). The Uncertain Lose and Uncertain Win trials had a positive and a negative
outcome while the Neutral trial had only a neutral outcome. An unsuccessful hit during an
Uncertain Lose trial is depicted in the figure. Right of the arrow: The picture viewing task. The
participants underwent four cycles of listening to script, recalling the experience and scanning
with fMRI while viewing positive, neutral and scrambled pictures. Picture categories were
presented in blocks of 12 pictures, each presented for 1,500 milliseconds with a 500 milliseconds
interval.

Study II
Here we acquired 133 EPI volumes over four sessions. Each session lasted 4 min and 48 sec in which
24 emotionally positive and emotionally neutral pictures from the Nencki Affective Picture System
were presented26 (Figure 3). We also presented 24 pictures which were scrambled with Fourier
techniques for presentation in a control condition186–188. Prior to the first two sessions participants
listened to an emotionally neutral memory and prior to the last two sessions they listened to a
traumatic memory. The following are two examples of an emotionally neutral and traumatic
memory, respectively:
“You are about to leave for shopping. You exit the apartment and light a cigarette outside the
building while browsing Facebook and waiting for your wife. When you wife arrives, you stroll
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together slowly toward the grocery store. The sky is grey, but it is not cold. You look at people
passing by and hear them chatter. You buy fruits, bread and milk. There are other people in the
store, but you hardly notice them. As you leave you light another cigarette.”
“It is the middle of the night and you are waiting on the beach about to cross the Mediterranean
Sea. Shortly after, you are sitting in a small inflatable boat with 34 other refugees. It is cold, you feel
afraid and have no space to move about. The engine fails several times and around 5 am the boat
punctures. Panic spreads as it quickly sinks. Everyone is yelling and screaming. You tighten your grip
around your mother and cousin as your try to calm them. You can feel the fear in your throat.”
Immediately after the last fMRI session the participants were debriefed in calm surroundings. Next,
their emotional state during the recall period inside the scanner was assessed using the Response
to Script-Driven Imagery Scale (RSDI)27. Within a week after scanning, the participants rated the
valence of each picture on a nine-point Likert scale (1 = very negative, 9 = very positive).

Radiological assessment and quality assurance
All structural clinical scans were evaluated for clinical abnormalities by two senior radiologists, and
participants were informed of the results of the evaluation. Eleven participants (seven patients, four
controls) had minor pathological findings such as unspecific gliosis, partial empty sella turcica and
small ischemic changes. Five participants (two patients, three controls) had an additional clinical
scan due to a suspicion of more serious pathology. In two cases this led to referrals to a
neurosurgical department for evaluation of a small focal intracerebral process and cavernous
haemangioma. In the former case the process was not evaluated to be pathological and in the latter
the patient underwent a successful operation. No fMRI-data was excluded based on the radiological
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evaluation as the locations were not deemed relevant to our brain networks of interest. One subject
with ischemic changes presented non-normal appearing white matter in the DWI-data and was
excluded for further analyses. Two additional participants were excluded from the DWI-analyses
due to excessive motion artefacts and a wrongly set field of view, respectively.
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Analysis of MRI data

Monetary Incentive Delay (Study I)

Time series model for individual subjects (first-level) analysis
Nine original explanatory variables (EV) were derived from the activation schemes (three different
cues, one target and five different outcome scenarios). Onset, duration and input value (= 1) was
used to convolve each EV with a double-gamma haemodynamic response function. All 24 motion
parameters (standard realignment plus their temporal derivatives and squares) and individual
motion outliers were added to each model. Individual t-contrast maps were used to generate three
contrast images that were analysed for group differences. For the anticipation to act phase of the
experiment we formed the salience contrast (Uncertain Gain and Uncertain Lose vs. Neutral) and
for the outcome phase we formed the win contrast (successful hit during an Uncertain Win trial vs.
Neutral zero) and the negative prediction error contrast (failed hits during Uncertain Lose and Win
trials vs. Neutral zero).

Statistical analysis
Our hypotheses concerned the neural effect of winning 7 Euro (the Win contrast) and the neural
effect of anticipating a significant trial (i.e. a trial where money could be won or lost) relative to
insignificant trials (the Salience contrast).
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Age, mTBI (yes/no) and smoking (yes/no) are known to affect the BOLD-response. Moreover, on
average the RHC was slightly younger than the PTSD-all group. Therefore, these variables were
added as covariates in all group comparisons.
We used two different ROIs to analyse the Win contrast and the Salience contrast. The ROI for the
Win contrast was a functional ROI defined as voxels within the medial prefrontal cortex (mPFC)
region (as defined by the Harvard-Oxford Cortical Structural Atlas) activated by the Win contrast
when analysed with a one-sample t-test (all participants, p < 0.05). The mask was used to extract a
mean PE from the Win contrast. These values were then used to test the hypothesis that the PTSDall group had less activity than the RHC group, and that the activity in the PTSD-all group correlated
with symptoms of anhedonia as measured with the CAPS-D sub-score.
The ROI for the Salience contrast was an anatomical mask of associative and limbic striatum and
was used to restrict the voxel-wise analysis. We adhered to previous anatomical definitions of
associative and limbic striatum provided by Martinez et al.189 which covered nucleus accumbens,
the precommissural dorsal putamen, the precommissural dorsal caudate and postcommissural
caudate. This ROI was used to restrict the voxel-wise analysis testing the hypothesis that PTSD-SP,
relative to PTSD-NSP and RHC, had lower activity in the Salience contrast in limbic and associative
striatum.
For exploratory purposes we did whole-brain voxel-wise analyses of the Win, Salience and Negative
Prediction Error contrasts with one-way analyses of variance (ANOVA) with group (HCR, PTSD-NSP,
PTSD-SP) as the between factor. All voxel-wise analyses were completed using a random effect
model. We used threshold-free cluster enhancement (TFCE) to correct for multiple comparison168.
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The total amount won was analysed with a one-way ANOVA and hit rate and delayed response time
with two-way repeated measures ANOVA.

Script-driven imagery and visual processing (Study II)

Time series model for individual subjects (first-level) analysis
The general linear model (GLM) modelled one event per visual stimuli type (positive, neutral and
scrambled picture) and the 24 motion parameters (the six-parameter affine registration of between
functional volumes and their temporal derivatives) as additional regressors. The primary contrast of
interests was the positive pictures > scrambled (Positive contrast) which was analysed at the second
level for group differences and script effect. Pictures rated negatively (1-3 on the valence scale) at
the subject’s post-scan valence ratings session were modelled separately. We also modelled all
pictures (except scrambled and pictures rated negatively) in one orthogonalised regressor with
participants’ own ratings of the picture’s valence as input values. This parametric model was used
in post-hoc exploratory analyses.

Statistical analysis
The blood-oxygen level dependent (BOLD) signal derived from the positive pictures, neutral pictures
and scrambled pictures were analysed in a 2 (RHC, PTSD)-by-2 (neutral script, traumatic script) full
factorial random effect model. Unequal variance across script condition and dependence within
subjects was assumed. The Positive contrast was tested for group differences (RHC > PTSD and PTSD
> RHC), the effect of scripts (Neutral script > Trauma Script and Trauma Script > Neutral Script) and

47

interaction effects using voxel-wise t-tests. Pearson’s Product Moment correlation was used to
assess the association between neural activity and the CAPS-D sub-score. A neuroanatomical atlas
in SPM190 was used to create a ROI of the medial prefrontal cortex (mPFC) and amygdala bilaterally.
From these ROIs we extracted the mean parameter estimates (PE) of the script-effect contrast and
tested for linear association with post-provocation symptom scores on the RSDI subscales of reexperience and dissociation.

We did three exploratory tests. First, we tested whether the Positive contrast correlated with PTSD
participants’ PANSS positive sub-scores. Secondly, we tested whether any of the effects associated
with the Positive contrast also would be present when analysed with the neutral > scramble
contrast. Lastly, we analysed the parametric model for group differences (RHC > PTSD and RHC <
PTSD).

Heart rate and picture rating were analysed with a ANOVA and repeated measures ANOVA.
Correction for non-sphericity was accomplished through the restricted maximum likelihood. All
regressors were convolved with a double-gamma hemodynamic response function. All second level
models included age in years, smoking (yes/no) and mTBI as covariates. Multiple comparisons were
corrected by using peak-level family-wise error correction and a p-value threshold of 0.05 was set
as the significance level.
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Tract based segmentation of white matter tracts in DTI images (Study III)

Extraction of DTI metrics
We used a tractography based regions of interest (ROI) approach to extract FA and MD measures
from both hemispheres. The first step was to use constrained spherical deconvolution (CSD)
to estimate the distribution of fibre orientations present within each voxel (Figure 11). To this end,
we used the TractSeg toolbox (https://github.com/MIC-DKFZ/TractSeg) and MRTRIX3 software
package (http://www.mrtrix.org)191. In addition to the main direction of the diffusion tensor the
program can model multiple axonal pathways and is thereby able to segment intersecting pathways.
At this step, the program uses information from the Human Connectome project database173 to
cluster coherent voxels into different tracts. The database contains anatomical information of 72
tract systems derived from 105 subjects whose tracts have been manually dissected with
tractography192.
Next step was to use the information from the CSD to generate 10,000 probabilistic streamlines, or
patterns of directionality, that originated from the tracts’ beginning (seed regions). Streamlines that
left the tract or did not reach the end were excluded. FA and MD values were extracted along 20
points from the remaining streamlines, but we excluded values that deviated more than five
standard deviations in distance along, or four standard deviations perpendicular to, the tracts’
centre. Choosing the centre streamline as a statistical anchor is justified because its values are less
likely to be confounded by the values of the surrounding tissue and thus to be statistical outliers.
The final step was to decide which points along the tract to include in the grand mean. The reason
not to include all tracts is that the ends and beginnings of tracts sprawl and thus any values from
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these parts are more likely to represent fibre bundles from adjacent tracts. Here, we used the midquarter segment of the tracts. Finally, we averaged the FA and MD values from the five points of
the remaining streamlines whereby each participant had an FA and MD measure per tract per
hemisphere (= 24 data points). We also derived the total FA and MD measure of the whole brain as
well as the volume of each tract to use as covariates in later analyses.

Figure 4. Tract based segmentation and FA/MD measure calculation

Left and middle panel: Fibre tract bundles of interest, overlaid on a structural T1-weighted image,
are presented for one subject. Tractography streamlines representing individual fibre bundles are
shown as differently coloured thin lines. The centre lines of the uncinate fasciculus (UF),
orbitofrontal-striatal (OF-ST), superior longitudinal fasciculi (SLF I-III) and cingulum bundle (CB) are
shown as thick yellow lines with the mid-quarter segment highlighted in red. Right: FA profiles and
95% confidence intervals for the PTSD and RHC groups extracted from CB with the orange shaded
area representing the mid-quarter segment. Mean MD and FA values for the mid-quarter segments
of the fibre tracts of interest were used in the statistical analyses.

Statistical analysis
From each participant we extracted 24 data measures: The mean FA and MD measures from the
mid-quarter segment of left and right hemisphere from six tracts (CB, UF, SLF I, SLF II, SLF III, FO-ST).
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To test group differences, we first fitted a repeated measure model to the data with Group
(PTSD/RHC) as between-subject variables and Tract (CB, UF, SLF I, SLF II, SLF III, FO-ST), Hemisphere
(left/right) and DTI-metric (FA and MD) as within-subject variables. Age and previous mild traumatic
brain injury (mTBI, yes/no) were added as covariates. The interactions between the within-subject
variables, as well as their relation to the tract variables, were first tested with an analysis of variance
(ANOVA). Next, we used the estimated marginal means to compare PTSD with RHC and controlled
for multiple comparison with the Tukey-Kramer procedure193. Data sets with a significant group
difference were tested again in separate analyses of covariance (ANCOVA) where the total brain DTI
metric and ROI volume for the specific tract were added as additional covariates. We also ran the
ANCOVA with psychotropic medication (yes/no) and the number of different kinds of traumatic
events as between-subject variables.
We tested our hypotheses concerning the relationship between UF and CB WM microstructure and
state measures of arousal, avoidance and dissociation in patients, using partial correlation
coefficients after the effect of whole brain DTI-metric, tract volume and mTBI had been removed.
For each hypothesis we tested four partial correlation coefficients (FA/MD and left/right) and used
the Bonferroni-Holms method to correct the p-values. For exploratory purposes we further
controlled for trait measures (CAPS-5 subscores) and ran the analyses using all participants. For all
analyses the dependent variable(s) was normalised (z-score).
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Results
After presentation of sociodemographic and clinical characteristics this chapter will give the main
results from each study. Results of the exploratory analyses are presented within each of the
respective papers.

Sociodemographic and clinical characteristics

Table 3 presents sociodemographic variables, traumatic events and questionnaire measures of
symptoms for all participants. Table 4 presents comorbidity, psychotropic medicine and interviewbased measures of symptoms for PTSD participants. Compared to RHC, PTSD participants were
older, smoked more and had a lower educational level. More RHC participants than participants
with PTSD were family members reunified with a refugee. All participants indicated that at least one
event listed on the LEC had been personally experienced, witnessed, learned about (happening to a
close family member or friend) or had been part of their job. The three events that most PTSD
participants marked as their most traumatic event were torture (48%), combat or exposure to a war
zone (30%) and witnessing sudden violent death (18%). In the RHC group it was exposure to a war
zone (32%), witnessing sudden violent death (23%) and physical assault (19%). Generally, PTSD-SP
participants scored higher on measures of PTSD symptomatology than PTD-NSP and more had
endured a mild traumatic brain injury (mTBI) compared to PTSD-NSP participants. Participants were
primarily from Syria (29%), Iraq (24%), Afghanistan (21%) and Iran (9%). Yemen, Bosnia, Lebanon,
South Sudan, Egypt, Turkey and Jordan were also represented.
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Table 1. Sociodemographic, traumatic events and measures of symptoms (questionnaires) for all participants (n=70)

Characteristics

PTSD-NSP

PTSD-SP (n = RHC

(n = 18)

19)

Statistical test & p-value

(n = 31)
PTSD-all vs. RHC

PTSD-NSP vs PTSD-SP

Age, mean years (SD)

43 (13)

47 (9)

38 (12)

t66 = 2.58, p = 0.012

t35 = 1.03, p = 0.310

Years in Denmark (SD)

13 (11)

16 (11)

15 (10)

t66 = 0.08, p = 0.934

t35 = 0.69, p = 0.494

Smokers, No (%)

11 (61)

10 (53)

9 (29)

χ2(1) = 5.26, p = 0.022

χ2(1) = 0.27, p = 0.603

13 (5)

15 (3)

t66 = 2.46, p = 0.017

t35 = 0.50, p = 0.620

χ2(1) = 35, p < 0.001

χ2(1) = 1.12, p = 0.770

Total year of education, mean 13 (5)
(SD), years
Income, No (%)
Employed

1 (6)

3 (14)

25 (78)

Unemployed

9 (50)

8 (38)

1 (3)

Welfare benefita

6 (33)

8 (38)

4 (12)

Student

2 (11)

2 (10)

2 (6)

20 (95)

23 (74)

χ2(1) = 0.46, p = 0.49

χ2(1) = 4.75, p = 0.029

19 (11)

17 (8)

t66 = 1.25, p = 0.214

t35 =0.68, p = 0.5

10 (3)

4 (3)

t66 = 4.89, p < 0.001

t35 = 0.69, p = 0.493

3 (0.4)

1.4 (0.4)

t67 = 11.91, p < 0.001

t35 = 3.1, p = 0.004

Mild Traumatic Brain Injuryb, No 12 (67)
(%)
Age at first traumatic event, mean 18 (7)
years (SD)
Number of different kinds of 8 (4)
traumatic eventsc, median (IQR)

Hopkins Symptom Checklist-25, 2.5 (0.6)
depression, mean (SD)
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Harvard Trauma Questionnaire 2.8 (0.5)

3.1 (0.4)

1.4 (0.4)

t66 = 14.8, p < 0.001

t35 = 2.7, p = 0.01

17 (90)

19 (62)

χ2(1) = 4.38, p = 0.036

χ2(1) = 0.936, p = 0.335

mean (SD)
Refugees, No (%)

14 (78)

a

Includes sickness benefit, incapacity benefit, flexi benefit, start help, introduction benefit and rehabilitation.

b

Includes report of brain or neck trauma following immediately by being dazed, having memory lapse or loss of consciousness for less than 30

minutes.
c

Number of traumatic events that either “happened to me” or were witnessed, as defined by the Life Event Checklist-5.

Table 2. Comorbidity, psychotropic medicine and psychopathology among participants with PTSD (n=37)

Characteristics

PTSD-NSP (n = 18)

PTSD-SP (n = 19)

Statistical test & p-value

Duration of PTSD symptoms, mean years (SD)

14 (10)

13 (9)

t35 = 0.36, p = 0.718

Psychiatric co-morbidity, No (%)

15 (83)

19 (90)

χ2(1) = 0.29, p = 0.58

Mild depression

7 (39)

0

Moderate depression

6 (33)

12 (53)

Severe depression

1 (6)

7 (37)

Periodic depression

2 (11)

1 (5)

Enduring personality change after catastrophic experience

2 (11)

13 (62)

10 (56)

17 (81)

4 (22)

8 (37)

113 (25)

115 (50)

1 (6)

2 (10)

75 (50)

132 (53)

Psychotropic medicine, No (%)
SSRI, No (%)
Mean mg dose (SD)
SNRI, No (%)
Mean mg dose (SD)
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χ2(1) = 2.9, p = 0.08

TeCA, No (%)

8 (44)

12 (57)

11 (4)

16 (16)

1 (5)

2 (10)

20

30 (28)

Intrusion symptoms, mean (SD)

12.7 (4.5)

16.1 (3)

t35 = 2.6, p = 0.013

Avoidance symptoms, mean (SD)

5.6 (2)

6.4 (1.7)

t35 = 1.23, p = 0.22

Cognition and mood symptoms, mean (SD)

12.7 (3.9)

14.8 (2.9)

t35 = 1.55, p = 0.129

Arousal and reactivity symptoms, mean (SD)

14.2 (5.9)

17.9 (3.8)

t35 = 2.3, p = 0.027

Positive scale, mean (SD)

8.9 (1.4)

14.5 (3.2)

t35 = 6.32, p < 0.001

Negative scale, mean (SD)

11.4 (2)

12.9 (4)

t35 = 1.4, p = 0.167

General scale, mean (SD)

25.5 (3.6)

28 (3.9)

t35 = 2.19, p = 0.035

Hallucinatory behaviour ≥ 4 No (%)

-

13 (63)

Suspiciousness/persecution ≥ 4 No (%)

-

14 (67)

Mean mg dose (SD)
TCA, No (%)
Mean mg dose (SD)
Clinician Administrated PTSD scale for DSM-5

Positive and Negative Syndrome Scale

Psychotic symptoms

SSRI = Selective serotonin reuptake inhibitor
SNRI = Serotonin-norepinephrine reuptake inhibitor
TeCA = Tetracyclic antidepressant
TCA = Tricyclic antidepressant
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Monetary Incentive Delay (Study I)

This study investigated differences in neural activity within the reward system between participants
with PTSD without secondary psychotic symptoms (PTSD-NSP), PTSD with secondary psychotic
symptoms (PTSD-SP) and RHC.

Main findings
Two PTSD-SP participants either slept or ignored the fMRI task and ended with minus 90 and 100
Euro. These two participants were excluded from further analysis.
Winnings and response rate during the Monetary Incentive Delays task
The overall average winning was 82 Euros. PTSD-SP participants won 70 Euros, which was
significantly less than PTSD-NSP participants (84 Euros) and RHC (88 Euros) (p = 0.024 and p = 0.002,
respectively). Across participants the hit rate was significantly higher for the Uncertain Gain and
Uncertain Lose trials compared to the Neutral trial (p = 0.029).
Brain Imaging
Effect of reward outcome
Across participants the Win contrast significantly activated large regions of the brain including the
prefrontal cortex, ventral striatum, thalamus, amygdala, hippocampus and occipital areas. Refugee
healthy controls had significantly more activity than PTSD participants (F(2,62) = 7.86, p = 0.007) in
the mPFC ROI after controlling for age, smoking status, brain-injury and winning (Figure 5). However,
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there were no group differences between PTSD-NSP and PTSD-SP (p = 0.859). For patients, the mean
PE correlated negatively with the CAPS-D anhedonia sub-score (rho = -0.44, p = 0.0072).
Effect of salience
The voxel-wise analysis within the Striatum Mask showed no difference between RHC and PTSDNSP in the Salience contrast. Both PTSD-NSP (voxels: 14, max t-score: 3.8, MNI: -26 8 0) and RHC
(voxels: 8, max t-score: 3.7, MNI: -26 8 0) had more activation than PTSD-SP in the left
precommissural dorsal putamen (pre-DPU) (Figure 5). The mean parameter estimates from this
cluster showed a negative correlation with a PANSS positive score (rho = -0.46, p = 0.0045) but not
with the PANSS negative (p = 0.24) or the PANSS general scores (p = 0.97).
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Figure 5. The Win and Salience contrast

Upper brain images: T-statistic maps of the average activation across all participants in the Win
contrast (winning 7 Euros > Neutral zero). Thresholded at p < 0.05 and overlaid on a standard MNI
2mm T1 image. The turquoise area represents the mPFC ROI from which mean PE were extracted.
Upper Right panel: Mean PE in mPFC ROI was decreased in PTSD-all participants when compared
with RHC. There was no difference between the two PTSD groups. Adjusted for age, brain injury,
smoking and winning. Lower brain images: Salience ROI (turquoise). In 14 voxels (max t-score: 3.7,
MNI: -26 8 0) PTSD-NSP patients had more activity than PTSD-SP patients analysed voxel-wise and
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after correction for multiple comparison (p < 0.05). Lower right panel: Both Anticipation to Win and
Anticipation to Lose conditions contributed to the group difference in the Salience contrast. The
black line represents the difference in mean in the Salience contrast between the two groups. aWin
= Anticipation to Win, aLose = Anticipation to Lose.

Script-driven imagery and visual processing (Study II)

This study examined differences between the PTSD and RHC groups with respect to the neural
underpinnings of visual processing of non-emotionally charged pictures, emotionally positive
pictures and a control condition. Furthermore, the study assessed the effect of symptomprovocation on the processing of these stimuli.

Main findings
The effect of the trauma script on heart rate and symptoms

The trauma script affected the heart rate of PTSD participants but not RHC (p = 0.016). The heart
rate for PTSD participants went from a mean of 101 (SD = 13) to 105 (SD = 14) following the
trauma script, whereas for the RHC it remained at a mean of 98 (SD = 13) in both conditions. The
traumatic script provoked more symptoms of re-experience (p < 0.001), avoidance (p = 0.002) and
dissociation (p = 0.003) in participants with PTSD compared to RHC (Table 3). A post-hoc test
showed that symptoms of re-experience correlated positively with heart rate during trauma-recall
(rho = 0.41, p = 0.038) for PTSD participants but not for RHC (rho = 0.17, p = 0.473).
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Table 3. Symptoms in response to script-driven imagery of a traumatic memory.
PTSD (n=38) RHC (n = 31)
Symptoms of Arousal (state measure), mean 17.5 (4.3)
(SD)

8.3 (5.6)

t64 = 7.52, p < 0.001

Symptoms of Avoidance (state measure), 7.8 (6.2)
mean (SD)

3.6 (4.2)

t64 = 3.16, p = 0.002

Symptoms of Dissociation (state measure), 7.8 (6.4)
mean (SD)

3.5 (4.4)

t64 = 3.13, p = 0.003

Measured with the Response to Script-Driven Imagery183 interview

Picture rating
PTSD participants rated the valence of the pictures from the positive picture set (mean = 6.3, STD
= 1.2) less positive than the RHC (mean = 6.9, STD = 0.9) (p = 0.018). The script condition under
which the pictures had been viewed during the fMRI sessions did not affect the rating (p = 0.472).
Across participants the neutral picture set was rated 4.9 (STD = 0.5), with no statistical group
difference (p = 0.894).
Brain imaging results
The Positive contrast (positive pictures > scrambled) activated large regions including the occipital,
temporal and parietal cortex as well as the thalamus and limbic regions when analysed with a onesample t-test (all participants).
Group differences in the Positive contrast
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Relative to RHC, PTSD participants had significantly less activity in the right fusiform gyrus (voxels:
6, max t-score: 5.3, MNI: 36 -45 -18), left fusiform gyrus (voxels: 2, max t-score: 4.8, MNI: -33 -63 18), right inferior temporal gyrus (voxels: 4, max t-score: 5.1, MNI: 48 -66 -3) and left middle occipital
gyrus (voxels: 3, max t-score: 5.1, MNI: -42 -81 0) (Figure 6). We extracted the mean PE from all the
activated clusters and found a significant correlation with PTSD participants the CAPS-D anhedonia
sub-score (rho = -0.39, p = 0.016). In the analyses of voxels with greater activity in PTSD participants
than in the RHC, no voxels survived the statistical threshold.

Script effect on the Positive contrast
There was more activity in the right posterior cingulate gyrus (voxels: 5, max t-score: 4.90, MNI: 12
-45 3), left calcarine cortex (voxels: 2, max t-score: 4.74, MNI: -9 -78 9) and right precuneus (voxels:
2, max t-score: 4.85, MNI: 9 -51 9) in the neutral script condition compared to the trauma script
condition. The positive pictures and scrambled images deactivated all three clusters in both script
conditions and the net increase was caused by a relative increase in the scrambled condition (Figure
6). There were no voxels with more activity in the trauma script relative to the neutral script and
there was no script × group interaction effect. There were no associations between scores on the
RSDI subscales of re-experience and dissociation and mean PE from the from the amygdala and
mPFC ROI’s, respectively.
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Figure 6. Group differences and effect of trauma script

Upper brain image: Voxels where RHC had more activity than PTSD participants in the positive
pictures > noise contrast. Thresholded at p < 0.001, uncorrected, and overlaid on a standard MNI
2mm T1 image. After peak-level family-wise error correction RHC had more activation in both the
right crosshair and left fusiform gyrus, right inferior temporal gyrus and left middle occipital gyrus.
Upper middle panel: Mean parameter estimates across voxels in which there was more activity in
the RHC than PTSD group. Upper right panel: Significant correlation between the parameter
estimates (Positive contrast) from activated voxels and the anhedonia sub-score. Lower brain
image: Voxels with more activity during the neutral script condition compared to the trauma script
condition in the positive pictures > noise contrast. Thresholded at p < 0.001, uncorrected, and
overlaid on a standard MNI 2mm T1 image. After peak-level family-wise error correction there were
script differences in the right precuenus crosshair, left calcarine gyrus and lingual gyrus. Lower right
panels: The mean parameter estimates from the activated voxels showed that the difference was
due to different deactivations of the BOLD-signal. The plot displays the average across all three
clusters but in each cluster the pattern was the same (less deactivation in the noise condition
following the trauma script).
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Exploratory tests
We did not find that the PANSS positive subscore was associated with the Positive contrast. When
we used the neutral pictures > scrambled contrast we did not find any effect of group or script.
Several regions of the occipital cortex, fusiform gyrus, lingual gyrus and calcarine gyrus were
activated by the picture contrast that we derived from the parametric model. However, there was
no significant effect of group or script on the activity.

Tract based segmentation of white matter tracts in DTI images (Study III)

In this study, we assessed the microstructure of WM fibre tracts of brain networks involved in e.g.
emotional processing, memory, attention, and language. We hypothesised that, compared to RHC,
PTSD would be associated with a decreased FA and increased MD, reflecting diminished coherence
and density of white matter, in the Cingulum Bundle (CB), Uncinate Fasciculus (UF), Superior
Longitudinal Fasciculus (SLF), segment I-III, and fibre pathways connecting the striatum to OF (OFST). We also investigated response patterns to trauma provoking stimuli and their relations to
specific alterations in the microstructure of CB and UF.

Main findings
Group differences
The Group × Tract, Group × Tract × DTI-metric and Group × Tract × DTI-metric × Hemisphere
interactions from the repeated measure model were all significant (p = 0.019, p = 0.018 and p <
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0.001, respectively). The Group comparison of estimated marginal means, corrected for multiple
comparison, showed significant group differences in eight measures. Participants with PTSD showed
lower FA values than the RHC in the right CB (p < 0.001), right OF-ST (p = 0.006), left SLF-I (p = 0.002),
left SLF-II (p = 0.031) and left OF-ST (p = 0.048) and higher MD measure in the right UF (p = 0.009),
right OF-ST (p = 0.046) and left OF-ST (p = 0.041) (Figure 12).
The separate ANCOVA analyses, where the volume of the specific tract and whole brain FA/MD
measures had been added as additional covariates, found that the FA measure remained lower in
participants with PTSD compared to the RHC in the left SLF-I (p = 0.001), left SLF-II (p = 0.049), right
OF-ST (p = 0.009) and right CB (p < 0.001) (Figure 12). In the ANCOVA analyses, we did not observe
any main effect of age or mTBI except for the FA in the left (p = 0.03) and right OF-ST (p = 0.03) that
were negatively associated with age.
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Figure 12. Group differences in white matter fibre tracts

The figure shows the 95% confidence intervals of PTSD participants’ means relative to the RHC. The
means are estimated marginal means, corrected for multiple comparisons and are normalised (zscore). The means are derived from a repeated measure model with tracts, DTI-metric and
hemisphere modelled as within-subject variables and age, group and mTBI as between subject
variables. The asterisk indicates measures where the group difference remained significant in a
separate ANCOVA analysis were the whole brain DTI-metric and the specific tract volume had been
added as additional independent covariates.
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Psychotropic medication (yes/no) was only associated with a decreased FA in the right CB (estimate
= -0.76, CI: -1.25 – -0.27, F(1,60) = 9.61, (p = 0.003)). The more different kinds of traumatic events
participants had witnessed or personally experienced, the lower the FA measure in the right CB
(estimate = -0.07, CI: -0.12 – -0.18, F(1,60) = 5.89, (p = 0.018)) and right OF-ST (estimate = -0.05, CI: 0.11 – -0.01, F(1,60) = 4.12, (p = 0.046)) and a higher MD measure in the right OF-ST (estimate = 0.07,
CI: 0.01 – 0.12, F(1,60) = 5.37, (p = 0.024)) and right UF (estimate = 0.08, CI: 0.02 – 0.14, F(1,60) = 8.23,
(p = 0.005)).

State measures and DTI data
These analyses were done with all participants and with PTSD participants only. The effect of the
mTBI, whole brain DTI-metric and tract volume was removed from the correlations between the
variables of interest. We did four (FA/MD and left/right) partial correlation tests and controlled the
false positive rate with the Bonferroni-Holms (BH) procedure.
Avoidance and the Cingulum Bundle
Using data from all participants, increasing FA measures in the right CB was associated with a
decreasing state avoidance score (rho = -0.34, p = 0.024, BH corrected). When we only included
PTSD participants, the negative association between the FA in the right CB and state avoidance was
more significant (rho = -0.52, p = 0.009, BH corrected), similarly to when the effect of trait measures
in the PTSD participants had been removed (rho = -0.57, p = 0.006, BH corrected).
Arousal and Uncinate Fasciculus
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Within all participants, we observed a significant association between an increasing MD measure in
the right UF and increasing state arousal scores (rho = 0.32, p = 0.045, BH corrected). When testing
only participants with PTSD, both with and without state measures as additional covariates, we
found no significant associations.
Dissociation and the Uncinate Fasciculus
Increasing FA measures in the left (rho = 0.3, p = 0.017) and right (rho = 0.29, p = 0.021) UF were
not significant after the p-values had been corrected (p = 0.068 and p = 0.0643, respectively, BH
corrected). When we ran the analyses with only PTSD participants there was a significant correlation
between increasing the FA in the left UF and increasing the state dissociation score, also after
Bonferroni-Holmes correction (rho = 0.51, p = 0.011, BH corrected) and the addition of state
measures (rho = 0.53, p = 0.015, BH corrected).
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Discussion

In this chapter the main results of the present studies are discussed. Various results of the
exploratory analyses are discussed in more detail within each of the respective papers. Further
below, the overall strength and limitations as well as future directions shared by these studies will
be addressed.

Reward consumption and anhedonia

Our results from Studies I and II showed that PTSD is associated with a relatively weak neural activity
during processing of positive stimuli in the medial PFC when receiving 7 Euros (Study I) and in the
primary and secondary visual regions when viewing emotionally positive pictures (Study II).
Moreover, in both studies we found that the activity in PTSD participants scaled negatively with the
measure of anhedonia. In Study III we further saw that a decreased FA in fibre bundles connecting
the orbitofrontal cortex with striatum (OF-ST) and inferior parietal lobule and the occipito-parietal
area with regions in the prefrontal cortex (SLF, segment II) was associated with PTSD, possibly
related to cytoarchitectural changes of white matter and decreased structural connectivity.
In Study I the reward was a secondary reward, conditioned by performance and non-social whereas
in Study II the reward was a visual stimulus, passively received and partly social (many of the pictures
were depicting social scenes). In Study I we had an a priori hypothesis regarding mPFC whereas in
Study II we did not and instead the analysis was a whole-brain voxel-wise analysis corrected for
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multiple comparison. These differences explain why, across participants and between groups, the
two rewards activated different brain regions. The relationship between mPFC and visual brain
regions and anhedonia is discussed below.
Medial Prefrontal Cortex
Blunted neural activity in the mPFC has previously been found in PTSD in response to conditioned
positive feedback194 and imagery of positive social events117. It is also in line with research in
schizophrenia195,196 and major depression197 where neural activity in the mPFC/mOFC is associated
with anhedonia. The medial PFC and medial OFC are part of the cortio-striatal projections that
provide cortical inputs to ventral striatum during reward evaluation78. Hence, a decreased FA in the
OF-ST is coherent with the interpretation that PTSD is marked by decreased neural activity in the
mPFC/mOFC and decreased structural connectivity from the prefrontal cortex to the ventral
striatum.
Visual brain regions
Using similar stimuli, decreased activity in the visual regions has previously been linked to PTSD118.
A connection between anhedonia in PTSD and visual processing in the fusiform gyrus, inferior
temporal cortex and primary visual cortex is compatible with research showing that in these regions
the neural response to a visual stimulus is dependent on the attention it captures and whether it is
deemed emotionally significant198–203. Since negative mood and depressive symptoms narrow the
general attentional scope204–206, and the positive pictures were considered less emotionally positive
by PTSD participants compared to RHC members, which complies with the weak visual encoding in
PTSD participants. The effect of the attentional and emotional status of the stimulus is possibly via
“top-down” regulation (from the fronto-parietal regions in the case of attentional modulation and
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the limbic regions for emotional effects)203. In this regard it is interesting that we saw that SLF-II was
associated with a decreased FA, as this fibre tract is involved in processes related to spatial visual
attention and engagement in the environment144. This fits well with both the results from Study II
as well as with other studies connecting PTSD with atypical visual neural processing207 and patterns
of distorted visual attention208.

The impact of traumatic memories on visual processing of emotionally positive stimuli

In Study II we found that, across participants, scrambled and positive pictures were processed
differently in the trauma, compared to the neutral, script condition in the areas of precuneus, PCC
and calcarine cortex. Whereas the scrambled visual stimuli deactivated the neural signal more than
the positive stimuli in the neutral script condition did, the two stimuli deactivated the signal to the
same extent following the trauma script.
The precuneus and PCC are pivotal regions in the default mode network (DMN)209 and increased
activity in these regions has previously been found when PTSD participants recall traumatic
memories131. The DMN is a circuit of brain regions characterised by increased activity during selfreferential thought and mind wandering and decreased activity during demanding experimental
tasks210,211. Hence, the DMN switches off whenever attention is directed externally212,213. This fits
well with our results where, in general, the two different stimuli deactivated the signal in the DMN.
Since in the neutral condition the positive pictures deactivated the signal less than the scrambled
pictures, the positive pictures were likely to be less disruptive of ongoing mental activity and allow
for a mental state characterised by self-referential thoughts. The effect of the trauma script was
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that the neural response to the two stimulus types became identical. This could represent a neural
correlate to a dissociative state where the perception of, and immersion in, the external world is
diminished and hence the ability to be stimulated and affected by external events is decreased21.
Reacting to traumatic experiences with such dissociative reactions is well described in trauma
literature and, in line with our findings, is seen both in pathological and nonpathological states214.

Secondary psychotic symptoms

Study I found that PTSD-SP was associated with a reduced signal in a part of the associative striatum
during salience processing. Moreover, the activity in this region scaled negatively with individuals’
PANSS positive sub-scores which further corroborates the significance of the associative striatum to
the neurobiology of PTSD-SP.
The associative striatum is partly recruited when the motivational value of a stimulus is
assessed112,215 and our finding that within this region the salient and insignificant cues were
processed with the same neural effort in PTSD-SP participants suggests that the cues were
experienced as having identical motivational values. Such indiscrimination forms the backbone of
the aberrant salience hypothesis of psychosis which suggests that an elevated tonic dopaminergic
activity in the striatum prohibits any stimulus from differentiating itself and thus that any internal
or external mental representation is attributed the same degree of meaning216. As the associative
striatum is also involved in habit formation and the coding of stable values, excessive dopaminergic
activity has also been suggested to cause psychotic symptoms, as it leaves the patient in a
conservative mode of cognition with rigid forms of thought113.
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In schizophrenia, an increased synaptic dopamine function in the associative striatum is assumed to
mediate the occurrence of psychotic symptoms217,218. Although PTSD is considered primarily a
disorder of serotonin, noradrenalin and glutamate219, it is possible that dysfunctional dopaminergic
activity is responsible for secondary psychotic symptoms in PTSD. For instance, stress can elevate
dopaminergic activity in the central nervous system70,71,220 and — similar to our study — PTSD-SP
has been connected to increased stress, as indicated by more severe PTSD symptoms49–51. Also, One
study centred on the biology of PTSD-SP found that it was associated with an increased activity of
monoamine oxidase inhibitor B which, among others, catalysis the oxidation of dopamine50. Thus,
PTSD-SP might represent a subgroup of PTSD where a high level of stress coincides with increased
dopamine activity and secondary psychotic symptoms.

Microstructural properties of white matter in the Cingulum Bundle and Uncinate Fasciculus
In Study III we found that PTSD was associated with an increased MD in the right UF and decreased
FA in the right UF which possibly reflects a decreased WM architecture integrity and organisation in
both tracts221,222. Moreover, these measures were associated with having experienced multiple
traumatic events. We also found that in PTSD, symptoms of avoidance and dissociation provoked
by the trauma script were associated with CB and UF microstructure.
The association between PTSD and altered microstructural properties of WM in the UF and CB is in
accordance with previous literature134,135,139–141. Collectively the UF and CB fibre bundles have the
potential to affect communication between the prefrontal cortex, amygdala, insula and
hippocampus143,144,148, which are pivotal regions in the neurocircuitry model of PTSD and are
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assumed to underlie abnormal fear conditioning and fear-potentiated startle, deficits in contextual
processing and memory function in PTSD7,23.
Avoiding memories that can trigger trauma-related emotional responses is central in PTSD184 and is
considered a coping mechanism223 aimed at reducing the risk of being confronted with painful
memories. Reduced trauma specificity, i.e. not recalling autobiographical memories vividly, is one
aspect of avoidance strategies224–226. Thus, as CB is pivotal for episodic memory retrieval148,227,228
and memory dysfunctions is a characteristic of PTSD149,150, the interpretations of our results could
be that an avoidance of imagery and memories is mediated by a decreased structural connectivity
of the right CB.
The association between microstructural properties of the UF and symptoms of dissociation has not
previous been found. However, both functional and structural neuroimaging investigations have
found that increased mPFC activity, increased volume of the mPFC and decreased activity of the
insula and amygdala, relative to healthy controls, is related to dissociation in PTSD33–35. Within the
UF tract portions of white matter fibres connect the mPFC to both the insula and amygdala143,144
and thus the UF has the potential to be involved in the top-down regulation of the limbic regions by
the mPFC. The current neurobiological model of symptoms of dissociation assumes that increased
top-down regulation is responsible for bringing the body to a state of hypoemotionality experienced
as being in a dream, disconnected from the body or as being in a fog33. Hence, our results could
represent a WM microstructural marker of increased mPFC-limbic activity via fibre portions within
the UF.
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Strengths and limitations
In this series of studies, we chose to study trauma-affected refugees with PTSD with both fMRI and
DWMRI because these methods are well-suited to study the biological underpinnings of psychiatric
symptoms. Using a MID task to probe the reward circuit, pictures to elicit emotional responses and
script-driven imagery during fMRI have all been done before in psychiatric populations, which
renders our results more reliable. However, applying these tasks to a sample of trauma-affected
refugees and combining a picture viewing task with script-driven imagery has not been done before.
Regarding the DWIMRI study, we applied a new tract segmentation method. This method takes
complex fibre architecture into account and subjects specific tract segmentations. Moreover, the
method is automatic and therefore not operator-based biased. A recent study has demonstrated
that the method has improved performance in comparison with other tractography based methods
or registration to common atlas spaces191. Most previous DTI studies of PTSD134 have used Tract
Based Spatial Statistics (TBSS)229 which may not optimally capture inter-individual variations of tract
trajectories. Moreover, the analysis of only the tract skeleton may exclude functionally relevant
white matter from the analysis. This contrasts with the method applied in this project where the
whole cross section of the respective tracts contributed to the analyses. The segmentation of
individual tracts yields information about tract volume, which was used as a covariate to remove
the effect related to variation in macroscopic tract volume, as previously shown necessary in the
microstructural interpretation of DTI data230–232.
Recruitment of healthy controls was challenging since the prevalence of traumatic experiences is
high in refugees and in people reunified with a refugee. Thus, all participants in the RHC group
endorsed at least one event on the Life Event Checklist. Since trauma exposure per se has been
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associated with reward processing deficits233 and white matter alterations141,234,235 our results are
limited to the transition from being trauma-affected to developing PTSD. However, as the two
groups were not matched for lifetime trauma exposure our controls were not a trauma-exposed
healthy control group. Therefore, any considerations of the causality behind the observed effects
ought still to take traumatic experiences into account.
Another important limitation concerns the presence of comorbidity. Depression was present in 86%
of the PTSD participants and the results should be interpreted with caution in PTSD populations
without secondary depression. Nevertheless, as depression is diagnosed in approximately 50% of
PTSD cases and considered to emerge simultaneously as two facets of a general posttraumatic
psychopathology17,18, our results can be generalised to a large clinically relevant population. The
high rate of antidepressants is also a relevant limitation. Antidepressants have been shown to affect
the microstructure of WM236 and to augment striatal neural activity237 and our results therefore
cannot be generalised to a medication-free PTSD population.
Since we used interpreters there is a risk of miscommunication. However, as we used the same
interpreters throughout the study and extra time was set aside to assure that no relevant
information was lost, the risk was minimised. Finally, due to variations between men and women in
brain morphology238 and PTSD symptoms239 we included only male refugees. Consequently, our
results should be interpreted with caution in PTSD samples other than trauma-affected male
refugees.
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Conclusion

We found that PTSD was associated with decreased activity in the mPFC during monetary reward
consumption and visual cortices during the processing of emotionally positive stimuli which
correlated with anhedonia severity. We further saw that symptom provocation was associated with
a uniform deactivation by different stimulus types in areas of the DMN which may reflect a
mechanism by which emotional detachment inhibits neural reactivity to external events in traumaaffected people, irrespective of a PTSD diagnosis. We also found that decreased activity in the left
associate striatum during anticipation of salient events was specific for PTSD-SP and that the activity
correlated with the severity of psychotic symptoms. Moreover, we found that PTSD was related to
compromised structural connectivity of fibre tracts of brain networks involved in emotional
processing, memory, attention, and language.
Our findings support a neuro-circuit model of PTSD that emphasises top-down dysregulation of the
hippocampus, amygdala and insula by the mPFC in relation to contextual processing deficits,
exaggerated fear and symptoms of avoidance and dissociation. This also agrees with disturbances
in the reward circuitry and symptoms of anhedonia in PTSD.

Future directions

Future studies on PTSD should address the mechanisms underlying decreased neural activity in the
mPFC in response to rewards. One possible theory worth pursuing concerns systemic
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inflammation240. Systemic inflammation has been associated with PTSD162,165,241 and linked to both
anhedonia and diminished prefrontal activity across psychiatric conditions233,241,242 and
pathophysiological changes in white matter162–165,167. In that vein, anti-inflammatory treatments may
be promising for the treatment of anhedonia in some PTSD patients, as preliminary studies have
shown it to be efficient in treating subgroups of patients with depression and schizophrenia243,244.
Also, treatments such as repetitive transcranial magnetic stimulation245 and nasal administration of
oxytocin246 appears promising for the treatment of anhedonia associated with low mPFC activity
and might also prove valuable for treating anhedonia in PTSD.
Further, more studies on PTSD-SP are needed. More specifically the suggested link between
dysfunctional hyperdopaminergic activity and PTSD-SP warrants studies using methods such as
positron emission tomography (PET), where the level of dopamine can be measured directly. In the
case of hyperdopaminergic activity, the use of antipsychotics to treat psychotic symptoms in PTSDSP would have a stronger biological rationale73, warranting more studies on the use of
antipsychotics to treat psychotic symptoms in PTSD-SP. While a few preliminary studies have shown
some effect74–77 methodologically stronger studies are needed43.
The microstructural properties (high FA and low MD) that were found to be associated with PTSD
are only indicative of decreased structural connectivity. To clarify if indeed PTSD is truly related to
decreased structural connectivity of white matter tracts, studies that take more markers of
connectivity into account, such as edge weight, number of fibres and fibre length, are needed137.
Since our studies were all cross-sectional studies we cannot derive anything regarding the direction
of causality. Instead, longitudinal studies are needed to assert whether the implemented neural
correlates are involved in the causation of PTSD, or vice versa. From a clinical point of view, it would

77

also be interesting to know if, for instance, the decreased neural activity in visual cortices is
reversible following successful treatment of PTSD. Moreover, from a clinical perspective it would be
valuable to know if a compromised microstructure of the UF and CB have an impact on how to treat
dissociation and avoidance. This knowledge could be obtained with longitudinal studies where the
neural correlates are measures before and after treatments. One could imagine that a
comprehensive MRI profile of an individual with PTSD providing information about the reward
system, the neural impact of reliving traumatic memories and the microstructure of white matter
tracts could help guide the individual selection of therapy in the future.
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Abstract
Psychological traumatic experiences can lead to posttraumatic stress disorder (PTSD). Mostly,
there is no secondary psychotic symptoms (PTSD-NSP) but it may occur (PTSD-SP). Additionally,
anhedonia is an important psychopathological aspect of PTSD. The neuropathogenic mechanisms
behind these symptoms are yet unknown. In this study, 70 male refugees (PTSD-NSP = 18, PTSDSP=21, Healthy Controls = 31) were interviewed and scanned with functional magnetic resonance
imaging (fMRI) during a monetary incentive delay task. We measured blood oxygen level–
dependent signal in frontal cortex and ventral striatum, psychopathological measures on
anhedonia, PTSD severity and psychotic symptoms. The study was conducted from May 2016 to
April 2018.
The results showed that participants with PTSD had decreased activity in mPFC during monetary
consumption which was negatively correlated with severity of anhedonia across all PTSD
participants. Further, participants with PTSD-SP had decreased activity in associative striatum
relative to participants with PTSD-NSP and RHC during processing of motivational reward
anticipation, which correlated with severity of psychotic symptoms. We conclude that reduced
responsiveness of mPFC to the monetary reward and its scaling with individual expression of
anhedonia suggests that a reduced prefrontal reinforcing signal of reward may adversely affect
the experience of pleasure in refugees with PTSD. The association between presence of secondary
psychotic symptoms and reduced anticipatory reward processing in the left associative striatum
may reflect a mechanism by which abnormal reward signals in the basal ganglia facilitates
psychotic symptoms across psychiatric conditions. More research is needed to examine if the
functional alterations in striatal regions in PTSD-SP is associated with increased dopamine activity.
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Introduction
Regional crises and wars are happening continuously and 2017 made record with 25.4 million
registered refugees in the world1. Most refugees endure traumatic experiences (i.e. war, torture,
famine) and stressors (i.e. migration, resettlement, poverty) and 15-30% develop Posttraumatic
Stress Disorder (PTSD) and depression2. PTSD is a diagnosis characterized by intrusive thoughts,
avoidance, negative mood and cognitive alterations, as well as arousal and reactivity in response
to a psychological traumatic experience (DSM-5)3. Secondary psychotic symptoms (PTSD-SP) may
occur and suggested criteria includes among other that PTSD-symptoms precedes the onset of
psychotic symptoms and that the criteria for another psychotic psychiatric condition is not met4.
PTSD-SP is a diagnostic concept that is not recognized in current nosological systems and research
is needed to validate it as a discrete disease entity4.
Though PTSD is a condition with considerable disturbances in approach behavior and hedonic
deficits, alterations in the reward system have been scarcely investigated5. The reward system is
an ensemble of functionally connected brain regions that enable us to become motivated,
approach pleasant things and enjoy them. The system has been thoroughly investigated in major
depression, bipolar disorder and schizophrenia6 and have been associated with different
dysfunctions7–9. Psychotic symptoms have been associated with reduced activity in striatal regions
during anticipation of rewards 7,8, while depressive mood relates to blunted activity during reward
consumption in frontal regions9,10.
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While anhedonia has been linked to decreased neural activity in response to positive social-stimuli
in prefrontal regions in PTSD11,12, there has been only one other study on the reward system in
PTSD using monetary stimuli11. Moreover, given the psychotic features in PTSD-SP the reward
system is an obvious candidate to investigate for alterations similar to other psychotic
conditions.
In the present study we used functional magnetic resonance imaging (fMRI) during a monetary
incentive delay (MID) paradigm to test three hypotheses. First, that PTSD in refugees is associated
with an attenuated neural response in the frontal cortex when receiving a reward and secondly
that this attenuation correlates with severity of anhedonia. Thirdly, we hypothesized that relative
to participants with no secondary psychotic symptoms, participants with PTSD and secondary
psychotic symptoms would have a reduced neural response in striatal regions during reward
anticipation. Hypotheses and planned analyses was preregistered13.

Materials and Methods
Participants
All participants were male refugees or family reunified to a refugee. Seventy-eight participants
were included from May 2016 – April 2018. Participants with PTSD were divided into two groups:
participants with PTSD but no secondary psychotic symptoms (PTSD-NSP) and participants with
PTSD and secondary psychotic symptoms (PTSD-SP). Refugees with no psychiatric diagnosis served
as healthy controls (RHC). Participants with PTSD were recruited at The Competence Center for
Transcultural Psychiatry (CTP) where multidisciplinary services are provided to trauma-affected
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refugees without a primary psychotic or bipolar disorder. Both patients with ongoing and previous
treatment for PTSD at CTP were invited to participate. The RHC group was recruited via
advertisements (public posters and on the internet) and from family and acquaintances of
interpreters at CTP.

One PTSD and two RHC participants withdrew consent due to a change of mind, one participant
was later diagnosed with a primary psychotic disorder, two PTSD and one RHC participants opted
out due to anxiety during scan and one RHC participant could not be scanned due to obesity.
Hence, the final sample consisted of 31 RHC and 39 PTSD patients (PTSD-all), of whom 18
participants were categorized as PTSD-NSP participants and 21 as PTSD-SP participants. The two
PTSD groups were matched for age. We also strived to match the PTSD-all and RHC groups for age,
but because of limited recruitment possibilities this was not fully attained. The RHC and PTSD-all
groups were not matched for lifetime trauma experience.

Inclusion and exclusion criteria
Symptoms of depression before the onset of PTSD and current or previous manic episode or primary
psychotic disorders were exclusion criteria. Also, any antipsychotic medicine taken within the last
month was an exclusion criterion, but antidepressants were allowed. For all participants, previous
moderate or severe traumatic brain injury (TBI) were exclusion criteria but mild TBI was permissible.
To identify TBI we used the Ohio State University Identification Method14. Alcohol units < 21/week
were accepted but substance abuse was not, and all participants underwent a substance abuse
urine test (Rapid Response, BTNX Inc., Canada) and the Alcohol, Smoking and Substance
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Involvement Screening (ASSIST)15. MRI exclusion criteria included claustrophobia and standard MRI
safety incompatibility.

Clinical assessments
To diagnose PTSD, depression and enduring personality change after catastrophic experience all
participants were interviewed with the Schedules for Clinical Assessment in Neuropsychiatry
(SCAN)16. SCAN was also used to exclude participants with manic episodes or a primary psychotic
disorder. Participants with PTSD were further interviewed with the Clinician-Administered PTSD
Scale for DSM-5 (CAPS-5), assessed for the past month17. Participants were inquired about their
trauma, medical, social and smoking history. All participants filled in the Harvard Trauma
Questionnaire (HTQ), Life Event Checklist (LEC) and Hopkins Symptoms Check List-25 (HSCL-25). Of
the HSCL-25 only the depression items (item 11-25) were used. HTQ and HSCL-25 are valid
questionnaires to assess symptoms of PTSD, depression and anxiety in trauma-affected refugees18.
All questionnaires were available in the participants native language and translators were
accessible throughout the study.

Participants with PTSD-SP
To identify PTSD-SP participants, we adhered to the proposed research criteria for PTSD-SP by
Compean et al4. These include a score of minimum moderate ( > 3) on at least one positive item
on the Positive and Negative Syndrome Scale (PANSS)19. The criteria also include that the
participant has preserved reality testing, that the psychotic symptoms are not limited to
flashbacks, that PTSD symptoms precedes the psychotic symptoms and that the participants don’t
meet the criteria for another psychiatric diagnosis with psychotic features4. All participants with
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psychotic symptoms were evaluated by a second psychiatrist to assure exclusion of participants
with primary psychotic disorders. The second evaluation led to exclusion of one participant. An
excerpt from the clinical description of a PTSD-SP participant can be seen in the Supplementary.

The study was approved by the Danish Ethical Committee of Science (H-15006293) and the Danish
data protection agency (2012-58-0004). All participants gave written informed consent.
Participants were compensated with a fee in addition to earnings from the task described below
and reimbursements of public transportation.

Experimental design
A modified variant of the monetary incentive delay (MID) task as described by Knutson was used
to study the reward system (see figure 1).20 Inside a MR-scanner 72 trials were presented each
lasting 8.5 seconds with a total task time of approximately 11 minutes. Each trial was initiated by a
2 second cue indicating the trial type: Uncertain Gain (up arrow), Uncertain Lose (down arrow)
and Neutral (up and down arrow). There were 24 trials of each type. This was followed by a white
cross for 2 seconds. Next a target appeared for approximately 300 milliseconds, at which point the
participants had been instructed to press a button. Target duration was adjusted using a staircase
model to secure a hit rate of approximately 66%. Lastly, feedback was given for 4 seconds.
Outcome was either “+ 50 Danish krone” (= 7 euro) (successful hit during Uncertain Gain trial), “50 Danish krone” (failed hit during Uncertain Lose trial) or “0” (successful hit during “Uncertain
Lose” trial, failed hit during Uncertain Gain trial or any response after Neutral trials). Below the
outcome and total earned money was displayed. Each participant had been carefully instructed in
the meaning of each cue and had practiced for 2x5 minutes beforehand. The participants were not
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informed of the adaptive hit rate. The experiment was performed using Presentation® software
(Version 18.0, Neurobehavioral Systems, Inc., Berkeley, CA, www.neurobs.com).
Figure 1. Trial task during fMRI

Seventy participants were subjected to a monetary incentive delay task while undergoing an fMRI
session. The task included 72 trials. There were 3 different trial types (uncertain lose, uncertain
gain and neutral). The uncertain lose and uncertain win trials had a positive and a negative
outcome while the neutral trial had only a neutral outcome.

Data acquisition
We recorded blood oxygen level dependent (BOLD) responses during a reward task using a 3T MRI
scanner (3T Phillips Achieva, Phillips Healthcare, Best, The Netherlands) with a 32-channel head
coil at the Danish Research Center for Magnetic Resonance, Hvidovre Hospital. Whole-brain T2*weighted echo-planar imaging (EPI) data were acquired during one session in which 296 volumes
were recorded using sensitivity encoding (SENSE) to accelerate readout in the phase encoding
direction with a factor of 2. Field of view were 210 mm (RL), 222 mm (AD) and 126 mm (FH),
isotropic 3 mm voxels, TR/TE = 2.205 seconds / 30 milliseconds, flip angle (FA) 72 degrees and a
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total of 42 slices per volume acquired in interleaved order. The whole brain was scanned, and
volumes were acquired in axial orientation coplanar with the anterior commissure - posterior
commissure line. A T1-weighted (TR/TE = 6.0 ms/2.7 ms, isotropic 0.85 mm voxels) were recorded
for registration of the functional data to a high-resolution structural image. A T2-weighted (TR/TE
= 2500 ms/250 ms, isotropic 0.85 mm voxels), T2 weighted 2D (TR/TE =3381 ms/80 ms,
anisotropic voxels (AP 0.575 mm, RL 0.72 mm, slice thickness 3 mm), Fluid-attenuated inversion
recovery (FLAIR) (TR/TE = 4800 ms/327 ms, isotropic 1 mm voxels) and a susceptibility weighted
image (TR/TE = 27/20 ms, anisotropic voxels (FH 1.5 AP 0.85 RL 0.85) were acquired for
radiological evaluation.

Radiological assessment
All clinical scans were evaluated for structural abnormalities by two senior radiologists (Madsen
CG and Leffers A), and participants were informed of the results of the evaluation. Sixteen
participants (7 HC, 3 PTSD-SP and 6 PTSD-NSP) had minor pathological findings such as unspecific
gliosis, partial empty sella turcica and small ischemic changes and in five cases this led to further
examinations. No participants were excluded based on the radiological evaluation as the locations
were not deemed relevant to our brain networks of interest.

Data pre-processing stream
FMRI data processing was carried out using FEAT (FMRI Expert Analysis Tool) Version 6.00, part of
FSL (FMRIB's Software Library, www.fmrib.ox.ac.uk/fsl). Registration of the functional data to the
high resolution structural image was carried out using the boundary-based registration
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algorithm21. Registration of high resolution structural to standard space images was carried out
using FLIRT22 and was then further refined using FNIRT nonlinear registration.23 Lastly the high
resolution to standard space registration matrix was applied to the functional data. The following
pre-statistics processing was applied; motion correction using MCFLIRT22; non-brain removal using
BET24; spatial smoothing using an isotropic Gaussian kernel of FWHM 5.0mm; grand-mean
intensity normalization of the entire 4D dataset by a single multiplicative factor; detection of
motion outliers using root mean square intensity difference25. Time-series statistical analysis was
carried out using FILM with local autocorrelation correction26

Time series model for individual subjects (first-level) analysis.
The single-subject general linear model included a total of nine original explanatory variables (EV)
modelled as stick functions convolved with a canonical hemodynamic response function. Each
event was determined by onset, duration and input value. Each trial type was used as an EV to
model the anticipation to act phase, the action phase (button press) was modelled as an EV of no
interest and finally the 5 different outcome scenarios were modelled as separate EVs (see figure
1). The hemodynamic response function was a double-gamma function and temporal derivatives
were added to the model. Twenty-four motion parameters (standard realignment plus their
temporal derivatives and squares) and individual motion outliers were added to each model.
Individual t-contrast were used to generate 3 contrast images that were analyzed for group
differences. For the anticipation to act phase of the experiment we formed the salience contrast
(Uncertain Gain and Uncertain Lose vs. Neutral) and for the outcome phase we formed the win
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contrast (Successful hit during an Uncertain Win trial vs. zero) and the negative prediction error
contrast (failed hits during Uncertain Lose and Win trials vs. neutral).

Region of Interest (ROI)
For group comparisons we defined a ROI for the Win contrast and the Salience contrast. The
evaluation of the hedonic value of a stimuli is known to be processed in the medial Orbitofrontal
cortex (mOFC) and medial Prefrontal cortex (mPFC) and these areas have previously been
implicated in emotional processing in PTSD10–12,27. We defined the ROI as voxels activated by the
win contrast within the Frontal Medial Cortex region as defined by Harvard-Oxford Cortical
Structural Atlas (p>0.05) when analyzed with a one-sample t-test (all participants).
The second ROI was within Striatum and included both the limbic and associative striatum, since
both these regions have been implemented in psychosis28–30. We adhered to previous anatomical
definitions of associative and limbic striatum provided by Martinez D et al31 and comprised a
striatal mask that covered nucleus accumbens, the precommissural dorsal putamen, the
precommissural dorsal caudate and postcommissural caudate. We used the mask to restrict the
voxel-wise analyse and multiple comparison correction.

Statistics
All group comparisons were done with age, smoking (yes/no), previous mild traumatic brain injury
(yes/no) and total winning as covariates32–34. For each participant we extracted the mean
parameter estimate (PE) of the Win contrast from the mPFC ROI and analyzed group differences
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with two analyses of covariance (ANCOVA), one with RHC and PTSD-all as between group variables
and one with PTSD-NSP and PTSD-SP. Further, the mean PE was tested for relation to anhedonia in
the PTSD-all group. As measure of anhedonia we used the sum of scores from the three questions
in the CAPS-5 that pertain to symptoms of anhedonia (question D5, D6 and D7). Within the Striatal
mask, we analyzed the Salience contrast for group differences using voxel-wise t-test (RHC > PTSDNSP, RHC > PTSD-SP, PTSD-SP > PTSD-NSP and correlated mean PE from activated clusters with
PANSS sub-scores. Correlation was tested using Pearsons Product-Moment correlation. For
exploratory purposes we did whole-brain voxel-wise analyses of the Win, Salience and Negative
Prediction Error contrasts with one-way analyses of variance (ANOVA) with group (RHC, PTSD-NSP,
PTSD-SP) as between factor.
All voxel-wise analyses were analyzed using a random effect model. We used threshold-free
cluster enhancement (TFCE) to correct for multiple comparison35. The permutation based nulldistribution were built up from 5,000 random permutations and the 95th percentile, used as a
TFCE-threshold for all analysis and the significance level calculated from this distribution. Thus, the
maps were fully corrected for familywise error at p<0.05. The winnings were analyzed with a oneway ANOVA and hit rate and response time with two-way repeated measures ANOVA. Extracted
PE, behavioral, psychopathological and demographic data were analyzed with MATLAB and
Statistics Toolbox Release 2018a, The MathWorks, Inc., Natick, Massachusetts, United States.
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Results
Participants
Two PTSD-SP participants either slept or ignored the fMRI task and ended in minus 90 and 100
Euro. These two participants were excluded from further analysis. Participants were primarily
from Syria (29%), Iraq (24%), Afghanistan (20%) and Iran (9%). Yemen, Bosnia, Lebanon, South
Sudan, Egypt, Turkey and Jordan were also represented. Table 1 presents distribution of
sociodemographic variables and traumatic events for all participants and distribution of
comorbidity, medicine and psychopathology in PTSD-NSP and PTSD-SP participants. All
participants endorsed at least one event on the Life Event Checklist. Compared to RHC, PTSD-all
participants were older, smoked more, had less years of education and had experienced more
traumatic events. Generally, PTSD-SP patients scored higher on measures of PTSD
symptomatology and more had endured a mild traumatic brain injury (mTBI) than PTSD-NSP
patients.
Table 1. Sociodemographic, traumatic events and measures of psychopathology
Characteristics

PTSD-

PTSD-SP

HC (n =

Statistical test & p-value

NSP

(n = 19)

31)

PTSD-all vs. HC

PTSD-NSP vs PTSD-SP

(n = 18)
Age, mean years (SD)

43 (13)

47 (9)

38 (12)

t66 = 2.58, p = 0.012

t35 = 1.03, p = 0.310

Years in Denmark (SD)

13 (11)

16 (11)

15 (10)

t66 = 0.08, p = 0.934

t35 = 0.69, p = 0.494
χ2(1) = 0.27, p = 0.603

Smokers, No (%)
Years of education, mean (SD)

10 (53)

9 (29)

13 (5)

13 (5)

15 (3)

t66 = 2.46, p = 0.017

t35 = 0.50, p = 0.62
χ2(1) = 4.75, p = 0.029

= 5.26, p = 0.022

12 (67)

18 (95)

23 (74)

χ2(1)

Age at first traumatic event, mean years (SD)

18 (7)

20 (11)

17 (8)

t66 = 1.25, p = 0.214

t35 =0.68, p = 0.5

Number of traumatic events b, median (IQR)

6 (4)

7 (3)

3 (3)

t66 = 4.89, p < 0.001

t35 = 0.69, p = 0.493
χ2(1) = 0.7, p = 0.4

Mild Traumatic Brain

Injury a,

11 (61)

χ2(1)

No (%)

= 0.46, p = 0.49

Torture, No (%)

7 (39)

10 (53)

1 (3)

χ2(1)

Hopkins Symptom Checklist-25, depression,

2.5 (0.6)

3 (0.4)

1.4 (0.4)

t67 = 11.91, p < 0.001

t35 = 3.1, p = 0.004

2.8 (0.5)

3.1 (0.4)

1.4 (0.4)

t66 = 14.8, p < 0.001

t35 = 2.7, p = 0.01

= 15.8, p < 0.001

mean (SD)
Harvard Trauma Questionnaire, mean (SD)
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Duration of PTSD symptoms, mean years (SD)

14 (10)

13 (9)

-

t35 = 0.36, p = 0.718

Psychiatric co-morbidity, No (%)

15 (83)

17 (90)

-

χ2(1) = 0.29, p = 0.58

Mild depression

7 (39)

0

-

Moderate depression

6 (33)

10 (53)

-

Severe depression

1 (6)

7 (37)

-

Periodic depression

2 (11)

1 (5)

-

Enduring personality change after

2 (11)

11 (58)

-

10 (56)

15 (79)

-

4 (22)

7 (37)

-

113 (25)

115 (50)

-

1 (6)

2 (10)

-

75 (50)

132 (53)

-

8 (44)

10 (47)

-

11 (4)

16 (16)

-

-

2 (10)

-

-

30 (28)

-

Intrusion symptoms, mean (SD)

12.7 (4.5)

15.9 (3)

-

t35 = 2.6, p = 0.013

Avoidance symptoms, mean (SD)

5.6 (2)

6.4 (1.7)

-

t35 = 1.23, p = 0.22

Cognition and mood symptoms, mean

12.7 (3.9)

14.2 (2.9)

-

t35 = 1.55, p = 0.129

14.2 (5.9)

17.9 (3.8)

-

t35 = 2.3, p = 0.027

Positive scale, Mean (SD)

8.9 (1.4)

14.2 (3.2)

-

t35 = 6.32, p < 0.001

Negative scale, Mean (SD)

11.4 (2)

12.9 (4)

-

t35 = 1.4, p = 0.167

General scale, Mean (SD)

25.5 (3.6)

28 (3.9)

-

t35 = 2.19, p = 0.035

Hallucinatory behaviour ≥ 4 No (%)

-

12 (63)

-

Suspiciousness/persecution ≥ 4 No (%)

-

13 (69)

-

catastrophic experience
Psychotropic medicine, No (%)
SSRI, No (%)
Mean mg dose (SD)
SNRI, No (%)
Mean mg dose (SD)
TeCA, No (%)
Mean mg dose (SD)
TCA, No (%)
Mean mg dose (SD)

χ2(1) = 2.3, p = 0.13

Clinician Administrated PTSD scale for DSM-5

(SD)
Arousal and reactivity symptoms, mean
(SD)
Positive and Negative Symptoms Scale

Psychotic symptoms

a

includes report of brain or neck trauma following immediately by being dazed, having memory lapse or loss of consciousness for less than

30 minutes.
b

Number of traumatic events that “happened to me” or were witnessed as defined by the Life Event Checklist-5

SSRI = Selective serotonin reuptake inhibitor
SNRI = Serotonin-norepinephrine reuptake inhibitor
TeCA = Tetracyclic antidepressant
TCA = Tricyclic antidepressant
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Behavioral results
Figure 2 illustrates the behavioral results. The overall average winning was 82 euros. A one-way
ANOVA revealed that there were significant differences among the mean of the three groups
(F(2,65) = 6.13, p = 0.004). The ANOVA with the within-subject factor trial type (3 levels: Uncertain
Win, Uncertain Loose and Neutral trials) and between-subject factor group (RHC, PTSD-NSP and
PTSD-SP) analysis of hit-rate showed a main effect of trial type (F(2,130) = 3.63, p = 0.029), a main
effect of group (F(2,65) = 3.83, p = 0.02) but no interaction. The 3 × 3 ANOVA of response time
showed a main effect of trial type (F(2,130)=13.64, p < 0.001) but no effect of group and no
interaction.

Figure 2. Behavioural Measures

Left panel: PTSD-SP participants won significantly less than PTSD-NSP participants (p = 0.024) and
RHC (p = 0.002). Middle Panel: Across participants hit rate was higher for Uncertain Win and Lose
trial than Neutral trials (p = 0.006 and p = 0.044, respectively). RHC had a higher hit rate than
PTSD-SP participants during Uncertain Lose trials (p = 0.006). Right panel: Overall, the response
time was higher for Uncertain Lose trials compared to Uncertain Win trials (p = 0.003). Errorbar
indicate standard error.
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Brain imaging results
Effect of reward outcome
A voxel-wise one-sample (all participants) t-test analysis of the Win contrast revealed significant
activation (p<0.01) in large regions of the brain including prefrontal cortex, ventral striatum,
thalamus, amygdala, hippocampus and occipital areas (figure 3). The mean PE from the mPFC ROI
revealed a significant group difference between PTSD-all and RHC (F(2,62) = 7.86, p = 0.007) after
controlling for age, smoking status, brain-injury and winning. There were no group differences
between PTSD-NSP and PTSD-SP (p = 0.859). For PTSD-all participants, the mean PE correlated
negatively with the anhedonia score (rho = -0.40, p = 0.013). The correlation remained significant
after partialling out the effect of depression (HSCL-25, depression subscale) (r= -0.43, p = 0.009).
Previous mild brain injury significantly decreased the mean PE for the win contrast (mTBI; rho = 0.29, p = 0.015) but there were no significant correlations with the remaining covariates.
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Figure 3. Win contrast

Brain images: t-score map for average activation across participants in the Win contrast,
thresholded at p<0.01 and overlayed an average of participants T1-weighted image. The turquoise
area represents the mPFC ROI from which participants mean PE were extracted. Middle panel:
Mean PE in mPFC ROI was decreased in PTSD-all participants as compared with RHC. There was no
difference between PTSD-NSP and PTSD-SP participants. Adjusted for age, brain injury, smoking
and winning. Right panel: The anhedonia score was significantly associated with the signal change
in PTSD-all participants.

Effect of salience
The voxel-wise analysis within the Striatum Mask found that both the PTSD-NSP (voxels: 14, max tscore: 3.8, MNI: -26 8 0) and RHC (voxels: 8, max t-score: 3.7, MNI: -26 8 0) had more activation
than PTSD-SP in left precommissural dorsal putamen (pre-DPU) (figure 4). The mean parameter
estimates from this cluster showed a negative correlation with PANSS positive score (rho= -0.46,
p=0.0045) but not with the PANSS negative (p=0.24) or the PANSS general scores (p=0.97). The
RHC groups had not more activation than the PTSD-NSP group in the Salience contrast. Of the
covariates, age was negative correlated to the salience contrast in right pre-DPU (voxels:19, max tscore: 3.8, MNI: 24 4 8), total amount won was positively correlated in left pre-DPU (voxels: 10,
max t-score: 3.96, MNI: -22 8 -6) and mild traumatic brain injury was positively correlated in right
caudate (voxels: 5, max t-score: 3.96, MNI: 10 10 14).
110

There were no significant clusters in the exploratory whole-brain one-way ANOVA voxel-wise
analyses of the Win, Salience and Negative Prediction Error contrasts.
Figure 4. Salience contrast

Brain images: The turquoise area represents the Salience ROI. In 14 voxels (max t-score: 3.7, MNI:
-26 8 0) PTSD-NSP participants had more activity than PTSD-SP patients analysed voxel-wise and
after correction for multiple comparison (p<0.05). Middle panel: The extracted PE shows that the
difference in the Salience contrast was driven by both the Anticipation to Lose (aLose) and Win
(aWin) signal. Right panel: The PANSS-positive score was significantly correlated to the mean PE
extracted from the activated cluster.

Discussion
This is, to the best of our knowledge, the first study to compare two PTSD groups, with and
without secondary psychotic symptoms, and a healthy control group using monetary incentives to
probe the reward system during fMRI. The results confirmed our hypotheses that monetary
reward consumption evokes a weaker medial prefrontal reward response in PTSD participants
than in healthy controls and that deficient reward outcome processing in mPFC scales with
severity of anhedonia. Further, PTSD patients with secondary psychotic symptoms showed a
reduced signal in a part of associative striatum during salience processing. This reduction of
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anticipatory reward signaling showed a negative linear relationship with individuals PANSS positive
sub-scores.

Results from previous studies examining the neurobiology of anhedonia in PTSD have been
conflicting5, but in accordance with our study PTSD patients have been found to have relative
blunted activity in mPFC when exposed to conditioned positive feedback11 and imagery of positive
social events12. Moreover, our results are in line with general findings where the neural processing
for reward consumption has been shown to include mainly mPFC9,10. The findings further imply
that in this region, anhedonia convey changes in the subjective value of money for male refugees
with PTSD.
A neural basis for anhedonia in mPFC is not unique to PTSD and has been found in
Schizophrenia36,37 and major depression38. However, this is not surprising as similar
psychopathology across psychiatric conditions is likely to share neuropathogenic mechanisms39.
In this vein it is interesting to consider systemic inflammation as a mediating link between
anhedonia and diminished prefrontal activity across psychiatric conditions40–43. In this regard, antiinflammatory treatment might be promising in treating anhedonia in some PTSD patients as
preliminary studies have shown it to be efficient in treating subgroups of patients with depression
and Schizophrenia44,45. Also, treatments such as repetitive transcranial magnetic stimulation46,
nasal administration of oxytocin47 and psychotherapy48 appears promising in treating anhedonia
and low mPFC activity and might also prove valuable future options in the treatment of anhedonia
in PTSD.
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Associative striatum is involved when the motivational value of a stimulus is processed28,49. When
the salient and insignificant cues were processed with the same neural effort in PTSD-SP it could
be indicative of the cues being attributed the same level of motivational value. According to the
aberrant salience hypothesis of psychosis50 psychotic symptoms arises because internal and
external mental representations are attributed the same degree of meaning (salience). On a
biological level, this can occur when an elevated tonic dopaminergic activity in striatum prohibits
any stimulus from effectively differentiating itself. An alternative interpretation of associative
striatum’ s role in psychosis is linked to its involvement in habit formation and the coding of stable
values. In this vein, excessive dopaminergic activity is suggested to cause psychotic symptoms
because it leave the patient in a conservative mode of cognition with rigid forms of thought29.
In Schizophrenia, psychotic symptoms have been linked to increased synaptic dopamine function
in associative striatum51,52 and one might speculate if dysfunctional dopaminergic activity is
responsible for secondary psychotic symptoms in PTSD. While PTSD is considered primarily a
disorder of serotonin, noradrenalin and glutamate53 it is also known that stress can increase
dopaminergic activity in the central nervous system54–56. As in our study, PTSD-SP has been linked
with increased stress, as suggested by more severe PTSD symptoms57–59. Moreover, PTSD-SP has
been associated with increased activity of monoamine oxidase inhibitor B which, among other,
catalysis the oxidation of dopamine58. Hence it is possible that PTSD-SP constitute a subgroup of
PTSD in which a high level of stress lead to increased dopamine activity and secondary psychotic
symptoms. Future studies on PTSD-SP could investigate this with, for instance, positron emission
tomography (PET) where the level of dopamine can be measured directly.
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Limitations
Since trauma exposure has been associated with reward processing deficits irrespective of a PTSD
diagnosis43, the use of a trauma-affected RHC (though traumatized to a smaller degree) only
provides a partial picture of the PTSD-reward processing relationship. Antidepressants have been
shown to augment striatal neural activity60 and the use of antidepressants in our PTSD participants
therefore limits the generalizability of our results to medication-free PTSD populations. As most of
the PTSD participants had depression it is important to emphasize that our results do not extend
to PTSD populations without co-morbid depression. However, since both depression and enduring
personality change after catastrophic experience typically develops after sustained PTSD
symptoms and their presence are best thought of as indicators of severe PTSD61,62, our results can
be generalized to a clinically relevant PTSD population. However, longitudinal studies are needed
to assert if, for instance, biological dispositions to reward system deficits contribute to the
development of anhedonia and secondary psychotic symptoms in PTSD.
We used interpreters which increases the risk of miscommunication though it was not the
impression that any clinically valuable information was lost in translation. Our three groups
differed on age, smoking status, prevalence of mild head-injury and task-related winning and
these variables were added as covariates of no interest in all comparisons whereby the risk of
confounding was limited32–34. Finally, our PTSD sample consisted of treatment-seeking male
refugees with chronic PTSD and a high trauma-load. Albeit various trauma-affected populations
share the PTSD diagnosis it is becoming increasingly clear that PTSD is a heterogenous disorder63
with corresponding variation in the biological underpinning64. Thus, our results should be
interpreted with caution in other PTSD samples than trauma-affected male refugees.

114

Conclusion

We found a decreased activity in mPFC during monetary reward consumption in all PTSD-patients
which correlated with anhedonia severity. Decreased activity in left associate striatum during
anticipation of salient events was specifically found in PTSD-SP and correlated with the severity of
psychotic symptoms. This point to symptom-specific functional brain changes in patients with
PTSD which may be relevant for future treatment-studies.
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Abstract
IMPORTANCE Symptoms of anhedonia are often central to posttraumatic stress disorder (PTSD)
but it is unclear how anhedonia is affected by processes induced by reliving past traumatic
memories.
OBJECTIVE To investigate neural activity with functional magnetic resonance imaging (fMRI)
associated with viewing positive pictures in participants with PTSD and whether it is differentially
affected by symptom provocation compared to healthy controls.
DESIGN, SETTING, AND PARTICIPANTS 69 male refugees (PTSD = 38) were interviewed and
scanned with fMRI while viewing positive, neutral and scrambled pictures after being read
personalized scripts evoking an emotionally neutral memory and a traumatic memory.
MAIN OUTCOMES AND MEASURES Whole brain, task-related blood oxygen level–dependent
(BOLD) signal changes, post-provocation state symptoms, physiological measures and PTSDrelated measure.
RESULTS In response to the traumatic script, PTSD participants scored higher than controls on
symptoms of arousal (p<0.001), avoidance (p=0.002) and dissociation (p=0.003). For the pictures >
scrambled contrast (Positive contrast), PTSD participants had significantly (p<0.05) less activity
than controls in fusiform gyrus, right inferior temporal gyrus and left middle occipital gyrus. The
Positive contrast activity in fusiform gyrus scaled negative with anhedonia symptoms in PTSD
participants (p=0.003). Relative to the emotionally neutral script, the trauma script decreased
positive picture viewing activity in posterior cingulate cortex (PCC), precuneus and left calcarine
gyrus (p<0.05) but there was no difference between PTSD participants and controls.
CONCLUSIONS AND RELEVANCE We found reduced responsiveness of higher visual processing of
exclusively emotionally positive, and not neutral, pictures in PTSD. The significant correlation
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found between positive picture viewing activity and anhedonia suggests a neural correlate of
anhedonia. The association between traumatic memories and reduced activity in areas within the
default mode network (DMN) across all participants may reflect a mechanism by which personal
detachment inhibits neural reactivity to external events, irrespective of a PTSD diagnosis.

Introduction
The world’s number of refugees increased to 25.4 million in 20171. Because of the high prevalence
of traumatic experiences in this population, 15-30% of refugees develop Posttraumatic Stress
Disorder (PTSD) and depression2. PTSD is a diagnosis characterized by intrusive thoughts,
avoidance, negative mood and cognitive alterations, as well as arousal and reactivity in recall of
the psychologically traumatic experience.3 Anhedonia, the inability to experience positive
emotions, is reported by 60% of PTSD patients4,5 and associated with increased chronicity,
suicidality and healthcare expenditures.6
The most common approach to studying anhedonia in PTSD has been to present pictures with
different valence and arousal and compare neural activity between groups with and without
PTSD7. With electroencephalography (EEG) this method has been applied to show that, relative to
controls, the vertex positive signals (VPS) in response to happy faces is smaller in PTSD indicative
of reduced early processing8. Similarly, another EEG study showed longer latency P3 components
to happy stimuli, suggesting slower processing, in PTSD9. Moreover, Functional Magnetic
Resonance Imaging (fMRI) studies have found that PTSD is associated with less activity in ventral
striatum10 and increased activity in amygdala11 in response to happy facial expressions.
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Anhedonia in PTSD is part of a psychopathology that also encompasses intrusive thoughts and
flashbacks related to traumatic memories3. In response to traumatic reminders, people with PTSD
have different emotional reactions and correspondingly different neural patterns of activity,
compared to healthy controls12. While most people with PTSD become aroused and experience
increased heart rate, there are others that tend to react with symptoms of dissociation and can
feel disconnected from the body as if being in a fog3,13. On a neural level, the former response has
been found associated with increased activity of amygdala and decreased activity in medial
anterior brain regions, including medial prefrontal cortex (mPFC)14. In people that response with
symptoms of dissociation this neural pattern has been found characterized by increased activity in
prefrontal cortices and decreased activity in limbic regions such as insula.13,14.
The aim of this study was to investigate anhedonia, with particular attention to mPFC and
amygdala activity, in the context of re-experiencing traumatic memories in PTSD using fMRI whilst
presenting positive pictures before and after symptom provocation using personalized trauma
scripts. We used script-driven imagery of both emotionally neutral and traumatic memories and
presented positive, neutral and scrambled visual stimuli. We hypothesized that 1) compared to
refugee healthy controls (RHC), refugees with PTSD would have less activity in the brain’s affective
network when viewing positive pictures relative to neutral and control pictures, 2) the activity
would correlate with symptoms of anhedonia, 3) after symptom provocation, activity related to
viewing positive stimuli would be attenuated and more so in refugees with PTSD than in healthy
refugees, 4) dissociative and arousal symptoms in response to symptom provocation would
correlate with increased activity in medial Prefrontal Cortex (mPFC) and amygdala activity,
respectively. The hypotheses and analysis plan were preregistered before commencement of data
collection15.
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Methods and materials
Participants
Seventy-eight male refugees or males reunified with a refugee were recruited from May 2016 –
April 2018. Translators were accessible throughout the period of assessment. Patients with
ongoing and previous treatment for PTSD at The Competence Centre for Transcultural Psychiatry
(CTP) in Denmark were invited to participate. CTP provides multidisciplinary service to traumaaffected refugees without a primary psychotic or bipolar disorder16. Refugee healthy controls
(RHC) were recruited via advertisements (public posters and on the internet) or were family or
acquaintances of interpreters at CTP. For participants with PTSD, symptoms of depression before
the onset of PTSD was an exclusion criterion. Antidepressants were not an exclusion criterion
(table 1) but antipsychotic medication within the last month was. For all participants, alcohol and
substance abuse were exclusion criteria and all participants underwent a substance abuse urine
test (Rapid Response, BTNX Inc., Canada) and the Alcohol, Smoking and Substance Involvement
Screening (ASSIST)17. Alcohol consumption of less than 21 units per week was permitted. Previous
moderate or severe brain injury were exclusion criteria but previous mild traumatic brain injury
(mTBI) was allowed. Traumatic brain injury was identified using Ohio State University
Identification Method.18 MRI exclusion criteria included claustrophobia and standard MRI safety
incompatibility (e.g., metal implants).

Three participants (One PTSD and two RHC) withdrew consent due to a change of mind, four
participants (three PTSD and one RHC) opted out of the study due to anxiety during scanning, one
PTSD participant was excluded as he later was diagnosed with a primary psychotic disorder and one
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RHC participant could not be scanned due to obesity. Hence, the study sample for which both clinical
and MRI data was available consisted of 38 participants with PTSD and 31 RHC participants without
PTSD or any another psychiatric diagnosis. The RHC and PTSD participants were matched for country
of origin but not for lifetime trauma experience. We also strived to match the two groups for age,
but because of limited recruitment possibilities this was not fully attained. The values of the clinical
and demographical continuous variables of these 9 participants were all within 1 standard deviation
from the mean of PTSD and RHC participants that did complete the study.

Clinical assessment
All participants were interviewed with The Schedules for Clinical Assessment in Neuropsychiatry
(SCAN)19 to diagnose PTSD, depression and enduring personality change after catastrophic
experience. The SCAN was also used to exclude any primary psychotic disorder and manic
episodes. All participants also filled in the Harvard Trauma Questionnaire (HTQ), Life Event
Checklist (LEC) and the depression items on the Hopkins Symptoms Check List-25 (HSCL-25,
depression). HTQ and HSCL-25 are valid questionnaires to assess psychopathology in traumaaffected refugees.20 Questionnaires were available in the participants’ native language.
All participants with a PTSD diagnosis were further interviewed with the Clinician-Administered
PTSD Scale for DSM-5 (CAPS-5)21, assessed for the past month, and the Positive and Negative
Syndrome Scale (PANSS)22. All participants were inquired about their trauma, medical, social and
smoking history.
The study was approved by the Danish Ethical Committee of Science (H-15006293) and the Danish
Data Protection Agency (2012-58-0004). All participants gave written informed consent.
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Participants were compensated with a fee in addition to earnings during an fMRI task other than
that reported here. All expenditures related to public transportation were reimbursed.

Script-driven imagery task procedures
A week prior to the fMRI session the first author composed one traumatic (trauma script) and one
non-emotional script (neutral script) of well-remembered past experiences with each participant.
Vivid descriptions of ambient and sensory experiences were written in second person singular. The
scripts were 30 sec long and the procedure was identical to previously published methods23,24. The
scripts were read back to the participants and participants then rated their emotional reaction on
a scale from 1-6, with 6 equalling the participant’s worst possible emotional response to a
memory. A score of 4 was set as success criteria for the trauma script. The scripts were then
audio-recorded by either the clinician or the interpreter.
We selected 96 emotionally positive and 96 emotionally neutral pictures from the "Nencki
Affective Picture System"25. Selection was based on validated ratings of valence25 and absence of
culturally offensive contents, which was assessed in collaboration with Iraqi, Syrian and Iranian
translators. Ninety-six of the pictures were scrambled for presentation in a control condition. The
pictures were divided into set A and B each with 48 positive, 48 neutral and 48 phase scrambled
images. The phase scrambled images had been manipulated in the spatial frequency domain
following procedures similar to what has been described in detail elsewhere26–28. To create the
visual noise images, we transformed each picture into amplitude and phase components using the
Fourier transform, for each RGB colour channel independently. A value of α was estimated for the
power law dependence of the amplitude of the Fourier transform f−α and the scrambled noise
patterns were generated by inverse Fourier transform of the natural amplitude spectrum with
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random phase spectra (each phase value was chosen at random from the interval [−π, π]). These
random phase spectra resulted in images that had a cloud-like appearance, lacking specific edges
or sharp features, and can therefore be regarded as a form of visual noise with identical amplitude
spectra across all noise images and matched to the original pictures26. The content of the nonnoise pictures (i.e. animals, nature, objects, faces) were matched between set A and B and
between the positive and neutral picture category (figure 1).
The subjects were placed inside the scanner with headphones, a pulse oximetry probe and a
mirror placed on the head coil whereby the participant could watch a screen at the end of the
bore. A total of four fMRI sessions were then acquired while participants viewed pictures. Before
the first and the second session the participant listened to the neutral script, and before the third
and fourth session they heard the trauma script. During the 30 seconds after script reading,
participants were asked to recall the experience while paying attention to as many emotional and
sensory details as possible. Listening to the script and recalling the experience took place in a
silent period with no MRI acquisition. The trauma script was always read last to ensure an
emotionally neutral state in the neutral script sessions.
Picture set A or B were randomly assigned between subjects to either the first two or last two
sessions. The participants viewed blocks of 12 pictures from either the emotionally positive,
neutral or scrambled categories. Each block was repeated once with a total of 24 blocks for a total
duration of 4 minutes and 48 seconds. The order of the picture condition blocks was random
across participants but the order in the neutral script sessions was repeated in the trauma script
sessions. Each picture was presented for 1500 milliseconds after which a white cross on a black
background was presented for 500 milliseconds. Participants were asked to fixate on the cross in
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the interval period. Participants’ eyes were monitored during the scan with a video camera to
ensure commitment to the task.
Immediately after the last scan the participants were taken out and interviewed about the
experience in calm surroundings. The effect of the traumatic script during recall was assessed
using the Response to Script-Driven Imagery Scale (RSDI)29 (figure 3). Within a week after
scanning, the participants rated the valence of each picture on a 9-point Likert scales (1 = very
negative, 9 = very positive).

Figure 2. Order of events inside the MR scanner

The participants underwent four cycles of listening to script, recalling the experience and scanning
with fMRI while viewing pictures. Picture set A and B consisted of positive, neutral and scrambled
picture categories and were matched for contents (faces, landscape etc.). They were randomly
assigned to either the neutral or trauma script condition. Next, each set was randomly divided into
two subsets that were presented during scan. The order of the picture categories within each of
the 4 subsets was identical but randomly generated for each participant. Picture categories were
presented in blocks of 12 pictures, each presented for 1500 milliseconds with a 500 milliseconds
interval.
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MRI parameters
All scans were recorded using a 3T Phillips Achieva MRI scanner (Phillips Healthcare, Best, The
Netherlands) with a 32-channel head coil at the Danish Research Center for Magnetic Resonance,
Hvidovre Hospital. Four whole-brain T2*-weighted echo-planar imaging (EPI) data sets were
acquired. Each data set contained 133 volumes recorded using sensitivity encoding (SENSE) with
an acceleration factor of two in the phase encoding direction. Field of view was 210 mm (RL), 222
mm (AD) and 126 mm (FH), isotropic voxels of 3 mm and a total of 42 slices per volume were
acquired in interleaved order. Volumes were acquired in axial orientation coplanar with
the anterior commissure - posterior commissure line. Repetition time (TR) was 2.205 seconds,
echo time (TE) 30 milliseconds and flip angle (FA) 72 degrees. A T1-weighted (TR/TE = 6.0 ms/2.7
ms, isotropic 0.85 mm voxels) were recorded for registration of the functional data to a highresolution structural image. A T2-weighted (TR/TE = 2500 ms/250 ms, isotropic 0.85 mm voxels),
T2 weighted 2D (TR/TE =3381 ms/80 ms, anisotropic voxels (AP 0.575 mm, RL 0.72 mm, slice
thickness 3 mm), Fluid-attenuated inversion recovery (FLAIR) (TR/TE = 4800 ms/327 ms, isotropic 1
mm voxels) and a susceptibility weighted image (TR/TE = 27/20 ms, anisotropic voxels (FH 1.5 AP
0.85 RL 0.85) were acquired for radiological evaluation.

Radiological assessment
All structural clinical scans were evaluated for clinical abnormalities by two senior radiologists
(Madsen CG and Leffers A), and participants were informed of the results of the evaluation.
Sixteen participants (9 PTSD participants) had minor pathological findings such as unspecific
gliosis, partial empty sella turcica and small ischemic changes and in five cases this led to further
examinations. No participants were excluded based on the radiological evaluation as the locations
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were not deemed relevant to our brain networks of interest. Extra attention was paid to the T1
normalisation quality in these subjects.
Data analysis

Demographic data and measures of psychopathology were analysed using t-tests and chi-square
tests. Physiological, behavioural and rating data were analysed with a 2 (PTSD and RHC)-by-2
(neutral and trauma script) mixed-model of variance. A p-value threshold of 0.05 was set as
significance level and we corrected for multiple comparisons using peak-level family wise error
correction.

For the fMRI data, whole-brain voxel-wise comparisons were made using the statistical parametric
mapping (SPM12) software package (https://www.fil.ion.ucl.ac.uk/spm/software/spm12/). Each
participant’s functional images were rigid-body registered to the mean functional image and coregistered to his high-resolution structural image. The structural image was normalised to MNI
template using the CAT12 toolbox (http://www.neuro.uni-jena.de/cat/) for SPM 12 and the
subsequent native space to MNI deformation field was used to spatially normalise the fMRI to
standard stereotactic MNI space and finally images were smoothed (5 mm full width at half
maximum isotropic Gaussian kernel). The MarsBar tool for SPM (http://marsbar.sourceforge.net/)
was used to extract parameter estimates and calculate signal change from baseline in percentage.

At the individual subject level, a general linear model (GLM) was constructed that modelled one
event per stimulus type (positive, neutral and scrambled) plus 24 motion parameters (the sixparameter affine registration of between functional volumes and their temporal derivatives) as
regressors. As we specifically wanted to investigate emotionally positive processing circuits,
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pictures rated negatively (1-3 on the valence scale) at the subject’s post-scan valence ratings
session were modelled separately. The blood-oxygen level dependent (BOLD) signal derived from
the three stimulus types were analysed in a 2 (RHC, PTSD)-by-2 (neutral script, traumatic script)
full factorial random effect model. The primary contrast of interest was the positive>scramble
contrast (positive contrast) and we tested this contrast for group differences (RHC>PTSD and
PTSD>RHC), the effect of scripts (Neutral script > Trauma Script and Trauma Script > Neutral Script)
and interaction effects using voxel-wise t-tests. We used Pearsons Product Moment correlation to
assess the association between the mean parameter estimates from activated clusters in PTSD
participants and anhedonia. As a measure of anhedonia, we used the sum of scores from the three
questions in the CAPS-5 that pertain to symptoms of anhedonia (question D5, D6 and D7).

Further following our hypotheses, we used a neuroanatomical atlas in SPM30 to create a ROI of
medial prefrontal cortex (mPFC) and amygdala bilaterally. The mean parameter estimates (PE) of
the script-effect contrast in the ROIs was tested for linear association with post-provocation
symptom scores on the RSDI subscales of reexperience and dissociation.

Three exploratory tests were done. First, we tested if the PANSS positive sub-score correlated with
our contrast of interest in patients. Next, we used the neutral>scramble contrast to test if any
effects found were specifically associated with the positive pictures or with picture-viewing in
general. Finally, in a new first-level model, all pictures (except scrambled and pictures rated
negatively) were parametrically modelled according to participants’ own ratings of the picture’s
valence. The parametrically modelled regressor was orthogonalized and analysed for group
differences (RHC > PTSD and RHC < PTSD).
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Correction for non-sphericity was done by restricted maximum likelihood. Unequal variance across
script condition and dependence within subjects were assumed. All regressors were convolved
with a double-gamma hemodynamic response function. All second level models included age in
years, smoking (yes/no) and mTBI as covariates.

Results

Participants were primarily from Syria (29%), Iraq (24%), Afghanistan (20%) and Iran (9%). Yemen,
Bosnia, Lebanon, South Sudan, Egypt, Turkey and Jordan were also represented. All participants
had experienced at least one event on the Life Event Checklist. Torture (48%), combat or exposure
to a war zone (28%) and witnessing sudden violent death (20%) were most frequently marked as
the most traumatic event among PTSD patients. In RHC it was combat or exposure to a war zone
(32%), witnessing sudden violent death (23%) and physical assault (19%). Table 1 presents
distribution of sociodemographic variables and traumatic events and table 2 presents distribution
of comorbidity, medicine and psychopathology in PTSD patients.

Table 1. Differences between refugees with and without PTSD
Characteristics

PTSD (n = 38)

RHC (n = 31)

Statistical test & p-value

Age, mean years (SD)

45 (11)

38 (12)

t67 = 2.54, p = 0.011

Years in Denmark (SD)

15 (10)

15 (10)

t67 = 0.13, p = 0.901

Smokers, No (%)

22 (58)

9 (29)

χ2(1) = 5.74, p = 0.016

Years of education, mean (SD), years

13 (5)

16 (3)

t67 = 2.6, p = 0.011

Mild Traumatic Brain Injury a, No (%)

21 (82)

23 (74)

χ2(1) = 0.55, p = 0.459

Age at first traumatic event, mean years (SD)

18 (9)

17 (9)

t67 = 0.83, p = 0.405

Number of different kinds of traumatic events b,
mean (SD)

9 (3)

4 (3)

t67 = 6.24, p < 0.001
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Harvard Trauma Questionnaire, mean (SD)

2.95 (0.5)

1.4 (0.4)

t67 = 14.8, p < 0.001

Hopkins Symptom Checklist-25, depression, mean
(SD)

2.8 (0.6)

1.4 (0.4)

t67 = 12.0, p < 0.001

Symptoms of Arousal (state measure) c, mean (SD)
(range: 0 – 24)

17.5 (4.3)

8.3 (5.6)

t67 = 7.52, p < 0.001

Symptoms of Avoidance (state measure) c, mean
(SD) (range: 0 – 18)

7.8 (6.2)

3.6 (4.2)

t67 = 3.16, p = 0.002

Symptoms of Dissociation (state measure) c, mean
(SD) (range: 0 – 18)

7.8 (6.4)

3.5 (4.4)

t67 = 3.13, p = 0.003

a

includes report of brain or neck trauma following immediately by being dazed, having memory lapse or loss of consciousness for less than
30 minutes.
b

Number of different kinds of traumatic events that either “happened to me” or was witnessed as defined by the Life Event Checklist-5

c

In response to script-driven imagery of a traumatic memory. Measured with the Response to Script-Driven Imagery29 interview

Table 2. Comorbidity, Psychotropic medicine and Psychopathology among PTSD
patients (n=38)
Duration of PTSD, mean years (SD)

14 (10)

Psychiatric co-morbidity, No (%)

33 (87)

Mild depression

7 (18)

Moderate depression

18 (46)

Severe depression

8 (21)

Periodic depression

3 (8)

Enduring personality change after catastrophic
experience

14 (39)

Psychotropic medicine, No (%)
SSRI, No (%)
Mean mg dose (SD)
SNRI, No (%)
Mean mg dose (SD)
TeCA, No (%)
Mean mg dose (SD)
TCA, No (%)
Mean mg dose (SD)

26 (68)
12 (32)
104 (44)
3 (8)
113 (50)
19 (50)
13 (11)
3 (8)
30 (15)

Clinician Administrated PTSD scale for DSM-5
Intrusion symptoms, mean (SD)

14.4 (4.1)

Avoidance symptoms, mean (SD)

6.0 (1.8)
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Cognition and mood symptoms, mean (SD)

16.1 (5.1)

Arousal and reactivity symptoms, mean (SD)

13.6 (3.5)

Positive and Negative Symptoms Scale
Positive scale, Mean (SD)

11.8 (4.1)

Negative scale, Mean (SD)

12.2 (3.2)

General scale, Mean (SD)

27 (3.8)

SSRI = Selective serotonin reuptake inhibitor, SNRI = Serotonin-norepinephrine
reuptake inhibitor, TeCA = Tetracyclic antidepressant, TCA = Tricyclic
antidepressant, SD = standard deviation, NO = number of participants

Behavioural data

Figure 2 summarizes differences in heart rate during scanning and post-scanning rating of the
pictures valence. There was a significant main effect of script type (F(1,59)=6.95, p=0.011,
ηp²=0.105), a group×script interaction effect (F(1,59)=6.12, p=0.016, ηp²=0.093) but no main effect
of group on the mean heart rate (F(1,59)=2.37, p=0.129, ηp²=0.039 (figure 2). The heart rate for
patients went from a mean of 101 (SD=13) to 105 (SD=14) following the trauma script, whereas for
RHC it remained mean 98 (SD=13) in both conditions.
There was no main effect of script-type on the rating (F(1,67)=0.52, p=0.472, ηp²=0.007) and no
group×script interaction effect (F(1,67)=0.32, p=0.576, ηp²=0.004). There was a group×category
interaction effect (F(1,67)=5.9, p=0.018, ηp²=0.081) and patients rated only pictures from the
positive picture category (mean=6.3, STD=1.2) less positive than the RHC (mean=6.9, STD=0.9).
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Figure 1. Heart rate and valence rating

Figure 2. Left panel: The heart rate was affected significantly more by the trauma-script in patients
than in controls. Right panel: Relative to RHC, PTSD participants rated positive pictures
significantly less positive. Errorbar indicate standard error of the mean (SEM).

We used the RSDI to measure the effect of the trauma script on symptoms of arousal, avoidance
and dissociation. PTSD participants scored significantly higher than RHC on all three symptoms
cluster (See table 1). A post-hoc test showed that scores on the symptom cluster “Reexperience”
correlated positively with heart rate during trauma-recall (rho = 0.41, p=0.038) for PTSD
participants but not for RHC (rho = 0.17, p=0.473).

Brain imaging results
Across all participants the positive>scrambled pictures contrast (Positive contrast) revealed large
regions of significant activity including occipital, temporal and parietal cortex as well as thalamus
and limbic regions (eFigure 1 in Supplementary).
Group differences
In the Positive contrast RHC had increased activity, relative to PTSD, in right fusiform gyrus
(maximum t-score: 5.3, MNI: 36 -45 -18), left fusiform gyrus (maximum t-score: 4.8, MNI: -33 -63 -
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18), right inferior temporal gyrus (maximum t-score: 5.1, MNI: 48 -66 -3) and left middle occipital
gyrus (maximum t-score: 5.1, MNI: -42 -81 0) (figure 2). The mean PE from all activated clusters
correlated negatively with PTSD participants’ anhedonia scores (rho = -0.39, p = 0.016) (figure 2).
There were no voxels with significantly greater activity in the PTSD group compared to the RHC
group.

Figure 2. Group difference in the positive>noise contrast

Left panel: Voxels where RHC had more activity than PTSD participants in the positive
pictures>noise contrast. Thresholded at p<0.001, uncorrected, and overlayed a standard MNI
2mm T1 image. After peak-level family-wise error correction RHC had more activation in both right
(crosshair) and left fusiform gyrus, right inferior temporal gyrus and left middle occipital gyrus.
Middle panel: Mean parameter estimates across all voxels with more activity in RHC than PTSD.
Right panel: Significant correlation between the parameter estimates (Positive contrast) from
voxels with significant group differences in activation (after correction) and symptoms of
anhedonia.

Script effect
Next, we tested the effect of the two different scripts on the Positive contrast. There was more
activity in right posterior cingulate gyrus (maximum t-score: 4.90, MNI: 12 -45 3), left calcarine
cortex (maximum t-score: 4.74, MNI: -9 -78 9) and right precuneus (max t-score: 4.85, MNI: 9 -51
9) in the neutral script condition compared to the trauma script condition. The positive pictures
and scrambled images deactivated all three clusters in both script conditions and the net increase
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was caused by a relative increase in the scrambled condition (figure 3). There were no significant
voxels in the trauma script > neutral script contrast and no script×group interaction effect. There
were no associations between scores on the RSDI subscales of reexperience and dissociation and
mean PE of the amygdala or mPFC ROIs.

Figure 3. Effect of trauma script

Left panel: Voxels with more activity during the Neutral Script condition compared to the Trauma
script condition in the Positive pictures>noise contrast. Thresholded at p<0.001, uncorrected, and
overlayed a standard MNI 2mm T1 image. After peak-level family-wise error correction there was
script differences in right precuenus, left calcarine gyrus and lingual gyrus. Right panels: The mean
parameter estimates from the activated voxels showed that the difference was due to different
deactivations of the BOLD signal. The plot displays the average across all three clusters but in each
cluster the pattern was the same (less deactivation in the noise condition following the trauma
script)

Exploratory tests
We found no correlation between the PANSS positive sub-score and the positive pictures>noise
contrast. We found no significantly activated voxels in the Neutral Scripts > Trauma Script contrast
or RHC > PTSD participants with the Neutral pictures > scrambled pictures contrast. When
participants’ own ratings of the pictures’ valence were used in a parametric model of the BOLD
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signal we found a main effect across participants in several regions of occipital cortex, fusiform
gyrus, lingual gyrus and calcarine gyrus (eFigure 2 in Supplementary). However, there was no
significant effect of group or script on the activity.

Discussions
We believe this is the first study to investigate the impact of script-driven imagery on the
processing of positive visual stimuli in refugees with PTSD. We recruited refugees as healthy
controls and despite not being matched for traumatic experiences they all endorsed at least one
item from the LEC checklist and, on average, had personally experienced four traumatic life
events. Changes in heart rate and score on the RSDI sub-scales suggest that the trauma script did
cause distress and that it affected PTSD participants more than RHC. Parts of the fusiform gyrus,
inferior temporal gyrus and middle occipital gyrus were found to be more activated by the positive
pictures in RHC than in PTSD participants and the signal from these clusters correlated negatively
with anhedonia, suggesting that the decreased visual engagement in positive pictures in PTSD is
related to anhedonia. We also found a lack of modulation in the trauma script condition of the
precuneus, PCC and calcarine cortex according to whether participants were viewing positive or
scrambled pictures compared to the neutral script condition.
In line with a previous study where PTSD was found to be associated with decreased neural
activation in temporopolar regions as well as in left fusiform gyrus relative to healthy controls31,
we found that PTSD participants had decreased activity in visual regions during neural processing
of emotionally positive stimuli compared to controls. The middle occipital gyrus form part of the
primary visual cortex where visual information is first processed and inferior temporal gyrus and
fusiform gyrus constitutes secondary visual regions where subsequent steps of information
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processing of socially and emotionally relevant content takes place32,33. Interestingly, the neural
activity in both primary and secondary visual cortices in response to a stimulus has been related to
the amount of attentional resources allocated to the stimulus and the emotional response it
elicits34–39. Meanwhile, the attentional scope has been shown to narrow with increasing signs of
negative mood and depressive symptoms40–42. This, and the finding that the positive pictures were
perceived less positive by PTSD participants (lower rating compared to RHC), can explain why the
visual encoding was correspondingly weaker in PTSD patients. The importance of the emotional
status of the stimulus on the neural encoding can also explain why we did not find group
differences in the neutral pictures > scramble contrast, as the neutral pictures were rated similar
in the two groups. Moreover, the significant negative correlation with symptoms of anhedonia
supports that the group differences in neural activity is related to PTSD. The casual origin of visual
modulation related to attention and emotions may be via “top-down” regulation (e.g. from frontoparietal regions or limbic regions)35 but may also generate “bottom-up” signalling from salient
stimuli43.
The group difference disappeared when we used participants’ own ratings to model the BOLD
response (the parametric model), and one might speculate if the difference in neural processing of
visual stimuli in PTSD is related to differences in how patients emotionally perceive the stimuli and
not dysfunctional neural mechanisms. This is in accordance with the clinical reality that anhedonia
in PSTD, despite its name, is marked by a diminished ability to feel joy and not a complete absence
of positive emotions7,44.
Recalling a traumatic memory affected both precuneus and PCC which are pivotal regions in the
default mode network (DMN)45 and previously found to be activated in PTSD following traumarelated stimuli46. The DMN is a set of brain regions that have higher signal level at rest compared
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to demanding experimental tasks and is involved in self-referential thought and mind
wandering47,48. The DMN is assumed to switch off whenever attention is directed to external
events49,50 which explains the general pattern of deactivation in response to both positive and
scrambled pictures. However, the relative less deactivation during positive picture viewing
suggests that they were less disruptive of ongoing mental activity and to a higher extent elicited a
mental state characterized by self-referential thoughts. Interestingly, the effect of the trauma
script was that the two different stimulus types no longer elicited different neural responses but
instead the neural response pattern became uniform. On a phenomenological level, this might
reflect a state of diminished presence, a feeling of distance to the world and a decreased ability to
be stimulated and affected by external events. Such a mental state in response to traumatic
experiences is well-described in the psychological trauma literature, both in pathological and
nonpathological states51. We did not find regions where PTSD participants and RHC differed with
respect to the neural effect of the two trauma types. This might be due to the prevalence of
severe traumatic experiences in the RHC which led to trauma-scripts depicting severe personally
traumatic memories. Thus, the effect of imagining traumatic memories on neural reactivity to
scrambled and positive pictures in trauma-affected refugees with and without PTSD, appears to be
comparable. The fact that there was no script effect on the neutral >scramble contrast suggests
that a potential confounding effect of habituation (the two scripts were always presented in the
same order (the neutral script first)) is less likely.
We found no correlation between the effect of script on the positive>scrambled pictures contrast
in amygdala and mPFC and symptom scores on the RSDI subscales of reexperience and
dissociation. One possible explanation is that any potential effect of the trauma script on
amygdala and mPFC activity might have subsided during the 5 min long presentation of stimuli. In
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that case, the extracted mean PE value would no longer reflect neural activity during postprovocation states of arousal or dissociation. Moreover, since the location for hyperactivity in
mPFC during dissociative states in PTSD has shown to vary between studies13 we used a mask that
covered a large part of mPFC. However, the activity related to dissociation could have been
diffused when we averaged the signal across the included voxels.
In our sample, 18 PTSD participants had at least one item (out of seven) on the PANSS positive
subscale with a score of minimum 4 (=moderate). The presence of psychotic-like features or
secondary psychotic symptoms in PTSD is well described in the PTSD literature54–56 and various
studies have found evidence for a diagnostic subgroup of PTSD with secondary psychotic
symptoms (PTSD-SP)56,57 (but see Gaudiano et al58 for a rejection of PTSD-SP). However, we did not
find a correlation between PANSS positive sub-score and the neural responses to positive vs
scrambled pictures. Instead, it is conceivable that secondary psychotic symptoms in PTSD is
associated with abnormal neural activity in the temporal lobes61 or in associative and limbic
striatum in response to reward prediction and anticipation, which have been found in other
psychotic conditions62,63.

Limitations
The rating of the pictures was done within a week after the scan. Therefore, there is a risk that
participants rated the pictures differently from how they were perceived at the time of scan. In
such case, the fMRI model that used participants’ own rating to group pictures as positive/neutral
would not be accurate. Also, as noted above, the study design had an inherent risk of a
habituation and order effect confounding the script effect. Moreover, antidepressants and
depression have each been found to affect neural activity during emotional processing64 and the
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use of antidepressants in our PTSD patients and the presence of depressive comorbidity limits the
generalizability of our results to medication-free and comorbid-free PTSD populations. However,
depression in PTSD is present in approximately 66% and can be considered to emerge
simultaneously as to two facets of a general posttraumatic psychopathology65,66 and our results
can be generalized to a large clinically relevant population with PTSD. Since we used interpreters
there is a risk of miscommunication though it was not the impression that this has resulted in any
clinically relevant information being lost. Finally, our PTSD sample consisted of treatment-seeking
male refugees with chronic PTSD and a high trauma-load. Albeit various trauma-affected
populations share the PTSD diagnosis it is becoming increasingly clear that PTSD is a heterogenous
disorder67 with corresponding variation in the biological underpinning68. Thus, our results should
be interpreted with caution in other PTSD samples than trauma-affected male refugees.

Conclusion
We found decreased neural activity in regions associated with higher visual processing during
presentation of positive pictures in PTSD which correlated with anhedonia severity. However, the
group difference depended on whether the stimuli was modelled according to objective standards
or participants own ratings which indirectly supports the relationship between anhedonia in PTSD
and decreased neural activity in visual regions. We also showed that induced state related
processes

like re-experiencing, negative affect induction or dissociation did not especially

affect PTSD but was associated with a uniform deactivation of different stimulus types across
participants in areas of the DMN. This may reflect a mechanism by which emotional detachment
inhibits neural reactivity to external events in trauma-affected people irrespective of a PTSD
diagnosis.
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Abstract
IMPORTANCE Posttraumatic stress disorder (PTSD) is a heterogenous condition and the underlying
neurobiology is scarcely understood.
OBJECTIVE To investigate if PTSD is associated with microstructural changes in white matter fibre
tracts of brain networks involved in e.g. emotional processing, memory, attention, and language.
Furthermore, we aimed to study how different response patterns to individualized trauma
provoking stimuli relate to uncinate fasciculus (UF) and cingulum bundle (CB) microstructure.
DESIGN, SETTING, AND PARTICIPANTS Sixty-nine trauma-affected male refugees with (N = 38) or
without PTSD (N= 31), underwent in-depth clinical assessments and diffusion-weighted magnetic
resonance imaging (DWI) of the whole brain at 3 Tesla. The study was conducted from May 2016 to
April 2018.
MAIN OUTCOMES AND MEASURES Diffusion tensor imaging (DTI) was used to characterize regional
white-matter microstructure. Tractography method was used to extract mean diffusivity (MD) and
fractional anisotropy (FA) measures from the mid-quarter of fibre tracts of interest (FOI) including
UF, CB, superior longitudinal fasciculus segments SLF-I, SLF-II and SLF-III, and fibre bundles
connecting orbito-frontal cortex to striatum (OF-ST). Measures of immediate (state) arousal,
avoidance and dissociation symptoms were assessed in response to audible exposure to a personal
traumatic memory. Tukey-Kramer and Bonferroni-Holms procedures were used to correct for
multiple comparisons.
RESULTS Trauma-affected refugees with PTSD, as compared to those without PTSD, showed
significant higher MD in right UF and lower FA in right CB, right OF-ST, and in left SLF, subregion I,
and II. In the right CB, mean FA scaled negatively with avoidance, while mean FA in left UF scaled
positively with individual scores of dissociation.
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CONCLUSIONS AND RELEVANCE The results may imply compromised structural connectivity in CB,
UF, OF-ST and SLF, subtype I and II and that state symptoms of avoidance and dissociation is
mediated by decreased CG but increased UF structural connectivity. These findings support a neurocircuit model of PTSD that emphasizes top-down dysregulation of hippocampus, amygdala and
insula by mPFC in relation to contextual processing deficits, exaggerated fear and symptoms of
avoidance and dissociation. It also agrees with disturbances in the reward circuitry and symptoms
of anhedonia in PTSD.

Introduction
Post-traumatic stress disorder (PTSD) is a psychiatric condition that develops in response to an event
of exceptionally threatening or catastrophic nature1. Typical features of PTSD include episodes of
repeated reliving of the trauma in intrusive memories (“flashbacks”) occurring against a persistent
background of emotional blunting and avoidance of activities reminiscent of the trauma1. Despite
these commonalities, there are also large variations in the symptomatology of PTSD2 evident, such
as different emotional responses to traumatic memories. While most patients with PTSD become
distressed and experience physical reactions of arousal (e.g. racing heart) some are more inclined
to react with symptoms of dissociation and can feel disconnected from the body and feel like being
in a fog1,3. Also, while some recall traumatic memories in full bloom others cannot vividly recall
autobiographical memories i.e. have reduced trauma memory specificity 4.
Studies investigating the neurobiological underpinnings of PTSD have predominantly used
structural and functional magnetic resonance imaging (MRI)5. In particular, these methods have
demonstrated altered neural firing and morphological alterations of limbic as well as prefrontal
cortex regions related to exaggerated fear and dysfunctional emotion regulation6,7. Moreover,
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there has been an increase in investigations of white matter (WM) characteristics in PTSD, using
diffusion-weighted magnetic resonance imaging (DWI)8,9. DWI has commonly been analysed with
the diffusion tensor imaging (DTI) framework10 to assess white matter microstructure pathology
and plasticity11. Two commonly derived measures are mean diffusivity (MD) and fractional
anisotrophy (FA)12. FA measures the total magnitude of water directional movement along the
axonal fibres and decreases in response to decreased myelinization, axon density and
microstructural WM organization13–15. MD measures the average diffusion of water both parallel
and perpendicular to the axonal fibres and an increase in MD can reflect loss of microstructural
architecture integrity13,14. Knowledge of fibre tract microstructure can play a central part in
clarifying the significance of structural connectivity of the brain network in PTSD.
PTSD has most consistently been associated with WM alterations in Uncinate Fasciculus (UF) and
Cingulum Bundle (CB)16–19 with both hemispheres appearing to be affected8,9. The UF connects
prefrontal cortices with amygdala and insula20,21 which are pivotal regions in emotion regulation. In
PTSD, symptoms of hyperarousal have been associated with aberrant medial prefrontal cortex
(mPFC)-amygdala functional connectivity22 and hyper/hypo-activation of amygdala and mPFC,
respectively, during emotional processing6. In accordance, increased lifetime arousal score in PTSD
has recently been associated with decrease in FA measures in UF18. Meanwhile, dissociative
symptoms in response to traumatic memories is generally associated with increased activity in
mPFC and a decrease in amygdala and insula firing3 and assumed to be caused by hyperinhibition
of limbic regions by mPFC3.

The CB is a fiber pathway that interconnects frontal, parietal and medial temporal sites21,23. Part of
CB connects cingulate cortex to hippocampus and plays an essential part in episodic memory23,24.
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This is of particular relevance to PTSD as it is characterized by deficits in contextual processing and
memory function related to abnormal hippocampus activity6,25,26. Moreover, FA measures in CB has
been found to be negatively associated with trait measures of avoidance in PTSD18.

The superior Longitudinal Fasciculus (SLF) has also repeatedly been implicated in PTSD27–30. SLF can
be divided in three segments (SLF I-III) that interconnect areas within the frontal, parietal, occipital,
and temporal lobes31–33. The SLF is related to higher cortical functions31,32, which is relevant to PTSD
as the condition is marked by decreased neurocognitive functions, such as verbal learning and speed
of information processing26.

The present study aimed to assess the microstructure of WM fibre tracts of brain networks involved
in e.g. emotional processing, memory, attention, and language, in treatment seeking refugees with
PTSD. Based on prior studies, we hypothesized that PTSD would be associated with less coherent
and dense axons and loss of membrane integrity in white matter, as represented by decreased FA
and increased MD, in CB, UF and SLF compared to a healthy control group of refugees (RHC). As
decreased activity in orbito-frontal (OF) cortex and ventral striatum has been linked to symptoms
of anhedonia in PTSD34–38, we also hypothesised lower FA and higher MD measures of fibre tracts
connecting striatum to OF (OF-ST). Finally, we investigated different response patterns to individual
trauma provoking stimuli in PTSD and their relations to specific alterations in the microstructure of
CB and UF. We hypothesized that increased arousal would be related to decreased FA and increased
MD in UF but that this pattern would be reversed for symptoms of dissociation. Moreover, we
expected that avoidance and difficulties retrieving trauma memories vividly would be related to a
decrease in FA and increase in MD in CB.
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Methods
Participants
All participants were trauma-affected male refugees or male family members reunified to a refugee.
Seventy-eight participants were included from May 2016 – April 2018. Patients with PTSD were
recruited at the Competence Center for Transcultural Psychiatry (CTP), Ballerup, Denmark, where
multidisciplinary services are provided to trauma-affected refugees without a primary psychotic or
bipolar disorder. Both patients with ongoing and previous treatment for PTSD at CTP were invited
to participate. Trauma-affected refugee healthy controls (RHC) were recruited via advertisements
(public posters and on the internet) and from family and acquaintances of interpreters at CTP and
matched to PTSD patients for country of origin (but not for lifetime trauma experience). An attempt
was also made to match the two groups for age but due to limited recruitment possibilities this was
not fully achieved. Participants were primarily from Syria (29%), Iraq (24%), Afghanistan (21%) and
Iran (9%). Yemen, Bosnia, Lebanon, South Sudan, Egypt, Turkey and Jordan were also represented.

None of the participants with PTSD had received antipsychotic medicine within the last month, but
antidepressants were not an exclusion criterion. Also, psychiatric symptoms before the onset of
PTSD was an exclusion criterion. For all participants, previous moderate or severe traumatic brain
injury, and substance abuse were exclusion criteria. Alcohol units < 21/week were permitted. MRI
exclusion criteria included claustrophobia and standard MRI safety incompatibility.

One PTSD and two RHC participants withdrew consent due to a change of mind, one PTSD
participant was later diagnosed with a primary psychotic disorder, three PTSD participants and one
RHC opted out of the study due to anxiety during scanning and one RHC participant could not be
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scanned due to obesity. Hence, the study sample for which both clinical and MRI data was available
consisted of 38 participants with PTSD and 31 RHC participants without PTSD or any another
psychiatric diagnosis. Of these, three additional PTSD participants were excluded after evaluation
of the structural clinical MRI scans and quality assurance of DWI data (see under “radiological
assessment of structural data and quality assurance of DWI data” later). Thus, the final study sample
consisted of 31 RHC and 35 PTSD participants. The values of the clinical and demographical
continuous variables of the 6 PTSD and 3 RHC participants that did not complete the study all fell
within 1 standard deviation from the mean of PTSD and RHC participants that did complete the
study.

The study was approved by the Danish Ethical Committee of Science (H-15006293) and the Danish
data protection agency (2012-58-0004) and conducted in accordance with the declaration of
Helsinki. All participants gave written informed consent after written and oral explanation of study
aims and procedures and were compensated with a small fee in addition to reimbursements of
public transportation.

Clinical assessment
All questionnaires were available in the participants native language and translators were accessible
throughout the study. The Schedules for Clinical Assessment in Neuropsychiatry (SCAN) were used
to assess the presence of PTSD, depression and enduring personality change after catastrophic
experience in all participants39. SCAN was also used to exclude participants with manic episodes or
Schizophrenia. Participants with PTSD were further interviewed with the Clinician-Administered
PTSD Scale for DSM-5 (CAPS-5), assessed for the past month40. All participants underwent a
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substance abuse urine test (Rapid Response, BTNX Inc., Canada) and the Alcohol, Smoking and
Substance Involvement Screening (ASSIST)17. Past traumatic brain injuries were identified using
Ohio State University Identification Method41. Participants were inquired about their trauma,
medical, social and smoking history. All participants filled in the Life Event Checklist (LEC), the
Harvard Trauma Questionnaire (HTQ) and the depressive subscale from the Hopkins Symptoms
Check List-25 (HSCL-25, depression subscale). The HTQ or HSCL-25 are valid questionnaires to assess
symptoms severity of PTSD and depression in trauma-affected refugees42. An HTQ-score above 2.5
and HSCL-25 above 1.75 are normal in trauma-affected refugees with PTSD43–45.

Measures of arousal, avoidance and dissociation in response to trauma provocation
State symptoms of arousal, avoidance and dissociation were measured on the same day as the DWI
data was collected in response to audible exposure to a personal traumatic memory. To this end
participants, inside the MR-scanner, listened to a 30 sec long personal traumatic memory narrated
in second person singular by either a translator or the first author (SWU). Participants were
subsequently asked to recall the memory as vividly as possible for additional 30 sec. Heart rate was
monitored before and after the script. The procedure was identical to previous published
methods46,47. The script depicted vivid descriptions of ambient and sensory experiences from a wellremembered past traumatic memory and had been composed on a previous day by the participants
and the first author (SWU). After symptom provocation, participants were scanned with functional
Magnetic Resonance Imaging (fMRI) to investigate a research question of another component of
the project. After the fMRI session participants were interviewed with the Script-Driven Imagery
Scale (RSDI)48 that captures symptoms of arousal, avoidance and dissociation in response to
symptom provocation. The RSDI uses four questions to assert symptoms of dissociation and arousal
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and three questions to assert avoidance. Each question is answered on a 7 point Likert scale (0 =
”not at all”, 6 = ”a great deal”) and for each symptom cluster the answers are summed to subscores.
These subscores are here used as state dependent measures.

Data acquisition
All participants were scanned at the Danish Research Centre for Magnetic Resonance using a 3T
Philips Achieva MRI system (Philips Healthcare, Best, The Netherlands) with a 32-channel head
receive coil and body transmit coil. Participants underwent structural and functional MRI imaging.
For the current study only whole brain DWI data was used. Findings for other MRI modalities will be
reported separately in future publications. Whole brain DWI data was collected using a pulsed
gradient spin echo sequence with diffusion weighting b = 1000 s/mm2 (gradient amplitude = 62
mT/m, duration = 12.5 ms and separation = 27.5 ms) in 62 uniformly distributed gradient directions
created from an electrostatic simulation. The gradient vectors where distributed over a whole
sphere to evenly sample eddy current distortions. Image readout was performed with echo planar
imaging (EPI) with 23 mm3 isotropic resolution (TR = 10,259 ms, TE = 55 ms, SENSE parallel imaging
factor = 2, partial Fourier factor = 0.695, Posterior-Anterior (PA) phase encoding direction).
Additional b = 0 scans were performed with the phase encoding in the original PA and reversed AP
directions with five repetitions for each condition creating pairs of images with field induced
distortions in opposite directions but with the same magnitude.

The scan session also included a structural protocol for radiological evaluation with the following
imaging sequences: 3D T1-weighted MPRAGE (TR/TE = 6.0 ms/2.7 ms, isotropic 0.853 mm3 voxels,
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flip angle = 8deg); 3D T2-weighted (TR/TE = 2500 ms/250 ms, isotropic 0.853 mm3 voxels), flip angle
= 90 deg); 2D T2-weighted (TR/TE = 3381/80 milliseconds, axial slice orientation with in plane
resolution 0.452 mm2 and slice thickness 3 mm and 1 mm slice gap, flip angle 90 deg); and 3D Fluidattenuated inversion recovery (FLAIR) (TR/TE = 4800 ms/327 ms, TI = 1650 ms, isotropic 13 mm3
voxels, flip angle 90 deg) and a 3D susceptibility weighted gradient echo image (TR/TE = 27/20 ms,
anisotropic voxels (FH 1.5 mm AP 0.76 mm RL 0.76 mm, flip angle 20 deg).

DWI processing pipeline
DWI data was preprocessed to correct for motion and image distortions from eddy currents and
field inhomogeneities using the eddy and topup tools in FSL5.0.9 (http://fsl.fmrib.ox.ac.uk/)49,50. The
tool eddy estimates eddy current distortions and motion across different directions and topup
calculates the distortion fields from the EPI-acquisitions with opposed phase encoding directions.
The DWI data were finally affine registered using an intermediate FA image as source with FSL/FLIRT
and the FSL FA MNI template as target and finally resliced to the native 23 mm3 resolution including
the individual warp fields. Diffusion tensor and derived MD and FA metrics were computed using
weighted least squares fitting using the dtifit tool in FSL. All raw data and derived maps were visually
assessed for quality issues and artefacts.

Tract based segmentation was performed on the preprocessed DWI data with the TractSeg toolbox
(https://github.com/MIC-DKFZ/TractSeg)

extending

on

the

MRTRIX3

software

package

(http://www.mrtrix.org).51 In short, TractSeg uses constrained spherical deconvolution (CSD)52 to
extract peak maps with the three dominant fibre directions in each voxel and utilizes a deep learning
approach to cluster coherent tracts directly on the peak maps without streamline generation51. The
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method segment and label regions based on a pre-trained database of 72 tract systems manually
dissected with tractography in 105 subjects from the high quality Human Connectome project
database53. Output data consist of masks covering the individual fibre tract and labelled as either
beginnings or endings. FA and MD profiles were extracted along tracts using the Tractometry
method proposed by Yeatman et al54 as implemented within the TractSeg/MRTRIX3 framework. We
produced 10000 probabilistic streamlines from the CSD peaks from the beginning of the mask (seed
region) and excluded streamlines leaving the tract mask or not reaching the ending mask. FA and
MD were extracted at 20 nodes along each tract. Tract profiles where calculated as the mean at
each node excluding points deviating five standard deviations in distance along or four standard
deviations in distance perpendicular from a Gaussian distribution of the nodes’ coordinates as
proposed by the original method54 (Figure 1). Mean FA and MD were calculated from the midquarter segment of each tract profiles (point 8 to 12 out of 20) on left and right side for UF, CB, OFST and the three SLF I-III segments. Mid-segments were used to exclude possible partial volume
effects with cortex, intersecting pathways and fibre dispersion towards the tract endings (Figure 1
and eFigure 1 in Supplements). The metrics from the mean of all 72 tract mid-segments were
computed as a covariate to correct for whole brain changes. Since DTI metrics not only relate to
fibre tract microstructure but also to partial volume effects from overall tract size55, we extracted
the volume of each fibre tract mask as an additional covariate.
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Figure 3. Tract based segmentation and FA/MD measure calculation

Left and middle panel: Fibre tract bundles of interest, overlaid on a structural T1-weighted MPRAGE
image, are presented for one subject. Tractography streamlines representing individual fibre
bundles are shown as differently coloured thin lines. The centre lines of uncinate fasciculus (UF),
orbitofrontal-striatal (OF-ST), superior longitudinal fasciculi (SLF I-III) and cingulum bundle (CB) are
shown as thick yellow lines with the mid quarter segment highlighted in red. Right: FA profiles and
95% confidence intervals for the PTSD and RHC groups extracted from CB with orange shaded area
representing the mid-quarter segment. Mean MD and FA values for the mid-quarter segments of
the fibre tracts of interest were used in the statistical analyses.

Radiological assessment of structural data and quality assurance of DWI data
All structural clinical scans were evaluated for clinical abnormalities by two senior radiologists, and
participants were informed of the results of the evaluation. Eleven participants (7 participants with
PTSD and 4 RHC) had minor pathological findings such as unspecific gliosis, partial empty sella
turcica and small ischemic changes. Five participants (2 patients, 3 controls) had an additional
clinical scan due to suspicion of more serious pathology. In two cases this led to referrals to
neurosurgical department for evaluation of a small focal intracerebral process and cavernous
haemangioma. In the former case the process was not evaluated to be pathological and in the latter
the patient was successfully operated. One subject with ischemic changes presented non-normal
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appearing WM in the DWI data and was excluded for further analyses. Two additional subjects were
excluded due to respectively excessive motion artefacts and a wrongly set field of view.

Statistics
DTI data, behavioural, psychopathological and demographic data were analysed with MATLAB and
Statistics Toolbox Release 2018a, The MathWorks, Inc., Natick, Massachusetts, United States. There
were 24 data measures on each participant; the mean FA and MD measures from the mid-quarter
segment of left and right hemisphere from 6 tracts (CB, UF, SLF I, SLF II, SLF III, FO-ST). Each of these
24 data sets were tested for assumption of normal distribution with Kolmogorov-Smirnov test56 and
for outliers using Grubbs’s test57. Group differences in each data set were tested in successive steps.
First, we fitted a repeated measure model to the data with Group (PTSD/RHC) as between-subject
variables and Tract (CB, UF, SLF I, SLF II, SLF III, FO-ST), Hemisphere (left/right) and DTI-metric (FA
and MD) as within-subject variables. Because age58 and traumatic injuries59 is known to effect DTImetrics in white matter tracts age and previous mild traumatic brain injury (mTBI, yes/no) were
added as covariates. The within-subject variables were modelled with interactions and Mauchley’s
test was used to test assumption of sphericity60. The model was tested with an analysis of variance
(ANOVA) and the false positive error rate related to violation of the assumption of sphericity was
controlled for using Huynh-Feldt test. Our contrast of interest was the Group×DTImetric×Hemisphere interaction. We used the estimated marginal means to compare PTSD with RHC
and controlled for multiple comparison with the Tukey-Kramer procedure61. Each data set with a
significant group difference was finally tested again in separate analyses of covariance (ANCOVA)
where the total brain DTI metric and ROI volume for the specific tract were added as additional
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independent variables. We also ran the ANCOVA with psychotropic medication (yes/no) and
number of different kinds of traumatic events as independent variables.
We tested our hypotheses concerning the relationship between UF and CB WM microstructure and
state measures of arousal, avoidance and dissociation in patients, using linear partial correlation
coefficients. The correlation coefficients between state measure and both DTI-metric (FA/MD) from
both hemispheres were tested for significance after the effects of whole brain DTI-metric, tract
volume and mTBI had been controlled for. For each hypothesis we tested all four partial correlation
coefficients and used the Bonferroni-Holms method to correct the p-values. For exploratory
purposes we further controlled for trait measures (CAPS-5 subscores) and ran the analyses using all
participants.
For all analyses the dependent variable(s) was normalized (z-score). The threshold for significance
was set to α < 0.05.

Results
Participants
All participants endorsed at least one event on the Life Event Checklist (Table 1). The three events
that most PTSD participants marked as their most traumatic event were torture (48%), combat or
exposure to a war zone (30%) and witnessing sudden violent death (18%). In RHC group it was
exposure to a war zone (32%), witnessing sudden violent death (23%) and physical assault (19%).
Table 1 presents sociodemographic variables, traumatic events, medicine and measures of trait and
state symptoms. Compared to RHC, PTSD participants were older, smoked more, had a lower

161

educational level and had experienced more traumatic events. PTSD participants also scored higher
on trait and state measures of symptom severity than RHC. The heart rate for patients went from a
mean of 101 (SD=13) to 105 (SD=14) (p=0.002) following the trauma script, whereas for RHC it
remained on a mean of 98 (SD=13) both before and after the trauma script.

Table 1. Differences between refugees with PTSD and refugees without PTSD
Characteristics

PTSD (n = 35)

RHC (n = 31)

Statistical test & p-value

Age, mean years (SD)

44 (10)

38 (11)

t64 = 2.54, p = 0.014

Years in Denmark (SD)

15 (10)

15 (10)

t64 = 0.15, p = 0.885

Smokers, No (%)

19 (54)

9 (29)

χ2(1) = 4.29, p = 0.038

Years of education, mean (SD), years

13 (5)

16 (3)

t64 = 2.43, p = 0.017

Mild Traumatic Brain Injury a, No (%)

28 (80)

23 (74)

χ2(1) = 0.32, p = 0.574

Age at first traumatic event, mean years (SD)

18 (8)

17 (9)

t64 = 0.59, p = 0.559

Number of different kinds of traumatic events b, median (IQR)

9 (4)

4 (6)

t64 = 6.14, p < 0.001

Harvard Trauma Questionnaire, mean (SD)

3.0 (0.5)

1.4 (0.4)

t64 = 14.7, p < 0.001

Hopkins Symptom Checklist, depression, mean (SD)

2.9 (0.6)

1.4 (0.4)

t64 = 12.4, p < 0.001

Symptoms of Arousal (state measure) c, mean (SD)

17.5 (4.3)

8.3 (5.6)

t64 = 7.52, p < 0.001

Symptoms of Avoidance (state measure) c, mean (SD)

7.8 (6.2)

3.6 (4.2)

t64 = 3.16, p = 0.002

Symptoms of Dissociation (state measure) c, mean (SD)

7.8 (6.4)

3.5 (4.4)

t64 = 3.13, p = 0.003

Duration of PTSD, mean years (SD)

14 (10)

-

Psychiatric co-morbidity, %

30 (86)

-

Mild depression

5 (14)

-

Moderate depression

17 (49)

-

Severe depression

7 (20)

-

Periodic depression

3 (9)

-

Enduring personality change after catastrophic experience

13 (37)

-

162

Psychotropic medicine, No (%)

27 (70)

-

12 (31)

-

104 (44)

-

3 (8)

-

113 (50)

-

20 (50)

-

13 (11)

-

3 (8)

-

30 (15)

-

Intrusion symptoms, mean (SD)

14.5 (4.1)

-

Avoidance symptoms, mean (SD)

6.0 (1.8)

-

Cognition and mood symptoms, mean (SD)

13.8 (3.5)

-

Arousal and reactivity symptoms, mean (SD)

16.2 (5.1)

-

SSRI, No (%)
Mean mg dose (SD)
SNRI, No (%)
Mean mg dose (SD)
TeCA, No (%)
Mean mg dose (SD)
TCA, No (%)
Mean mg dose (SD)
Clinician Administrated PTSD scale for DSM-5

a

includes report of brain or neck trauma followed immediately by being dazed, having memory lapses or loss of consciousness for less than 30
minutes.
b

Number of different kinds of traumatic events that either “happened to me” or were witnessed as defined by the Life Event Checklist-5

c In

response to script-driven imagery of a traumatic memory. Measured with the Response to Script-Driven Imagery48 interview

SSRI = Selective serotonin reuptake inhibitor, SNRI = Serotonin-norepinephrine reuptake inhibitor, TeCA = Tetracyclic antidepressant, TCA = Tricyclic
antidepressant, SD = standard deviation, NO = number of participants

Tract segment DTI data
Data quality assessment
All tract bundles of interest were consistently traced in all included participants with respect to the
individual variation in anatomy and all 24 data sets were normally distributed (figure 1 in ESupplements). The volume of right SLF-I in one participant and the MD measure in left OF-ST in
another participant were marked as outliers. Both these participants had normal appearing WM
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and running the analyses with or without the outliers did not give different results. Results below
are presented with these two outliers.
Group differences
We used a repeated measure model with Group as between-subject variables, mTBI and Age as
covariates and Tract, Hemisphere and DTI-metric as within-subject variables to test our hypothesis
that PTSD patients had lower FA and higher MD measures than RHC in CB, UF, SLF I, SLF II, SLF III,
FO-ST. The Group×Tract, Group×Tract×DTI-metric and Group×Tract×DTI-metric×Hemisphere
interactions were all significant (p = 0.019, p = 0.018 and p < 0.001, respectively). The Group
comparison of estimated marginal means, corrected for multiple comparison, showed significant
group differences in eight measures. Participants with PTSD showed lower FA values and higher MD
values than RHC in; FA measure for right CB (p<0.001), right OF-ST (p=0.006), left SLF-I (p=0.002),
left SLF-II (p=0.031) and left OF-ST (p=0.048) and MD measure for right UF (p=0.009), right OF-ST
(p=0.046) and left OF-ST (p=0.041) (figure 2).
The group difference for each of these eight measures were tested again in separate ANCOVA
analyses where the volume of the specific tract and whole brain FA/MD measures were added as
additional independent between-subject variables. The FA measure remained lower in participants
with PTSD compared to RHC in left SLF-I (Estimate = -0.69, CI: -1.10 – -0.28, F(1,60)=11.38, p = 0.001),
left SLF-II (Estimate = -0.45, CI: -0.90 – -0.001, F(1,60)=4.02, p = 0.049), right OF-ST (Estimate= -0.60,
CI: -1.05 – -0.16, F(1,60)=7.36, p = 0.009) and right CB (Estimate = -0.79, CI: -1.23 – -0.35, F(1,60)=12.92,
p < 0.001). The MD measures were higher in PTSD participants than RHC in right UF (Estimate = 0.56,
CI: 0.059 –1.05, F(1,60)=5.02, p = 0.029). The FA measure was no longer lower in OF-ST (p = 0.126)
and the MD measures no longer higher in left and right OF-ST (p = 0.145 and p = 0.166) (figure 2) in
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participants with PTSD compared to RHC. In the ANCOVA analyses, we did not observe a main effect
of age or mTBI except for FA in the left (p=0.03) and right OF-ST (p=0.03) that were negatively
associated age.
Figure 4. Group differences in white matter fibre tracts

The figure shows the 95% confidence intervals of PTSD participants means relative to RHC. The
means are estimated marginal means, corrected for multiple comparisons and normalized (z-score).
The means are derived from a repeated measure model with tracts, DTI-metric and hemisphere
modelled as within-subject variables, group as between subject variables and age and mTBI as
covariates. The asterisk indicates measures where the group difference remained significant in
separate ANCOVA analysis were whole brain DTI-metric and the specific tract volume had been
added as additional covariates.
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Psychotropic medication (yes/no) was only associated with decreased FA in right CB (Estimate = 0.76, CI: -1.25 – -0.27, F(1,60)=9.61, (p = 0.003)). The more different kinds of traumatic events
participants had witnessed or personally experienced, the lower FA measure in right CB (Estimate =
-0.07, CI: -0.12 – -0.18, F(1,60)=5.89, (p = 0.018)) and right OF-ST (Estimate = -0.05, CI: -0.11 – -0.01,
F(1,60)=4.12, (p = 0.046)) and higher MD measure in right OF-ST (Estimate = 0.07, CI: 0.01 – 0.12,
F(1,60)=5.37, (p = 0.024)) and right UF (Estimate = 0.08, CI: 0.02 – 0.14, F(1,60)=8.23, (p = 0.005)).

State measures and DTI data

These analyses were done using tests for partial correlation where the effect of mTBI, whole brain
DTI-metric and tract volume had been removed. The analyses were done with all participants and
with PTSD participants only. We also tried to further control for the effect of PTSD state measures
(CAPS subscores) in the analyses that only included PTSD participants. We did four (FA/MD and
left/right) correlation tests and controlled the false positive rate with the Bonferroni-Holms (BH)
procedure.
Within all participants, increasing FA measures in right CB was associated with decreasing state
avoidance score (rho = -0.34, p = 0.024, BH corrected). There were no significantly association with
FA in left CB (p = 0.932), MD in right CB (p = 0.889) or MD in left CB (p = 0.6). With PTSD participants
only, the negative association between FA in right CB and state avoidance was also significant (rho
= -0.52, p = 0.009, BH corrected) including when the effect of trait measures in the PTSD participants
had been removed (rho = -0.57, p = 0.006, BH corrected) (figure 3).

166

We observed a significant association between increasing MD measure in right UF and increasing
state arousal scores within all participants (rho = 0.32, p = 0.045, BH corrected). The associations
with FA in left UF (p = 0.29), FA in right UF (p = 0.184) and MD in left UF (p= 0.756) were not
significant. When testing only participants with PTSD, both with and without state measures as
additional covariates, we found no significant associations.

Increasing FA measures in left (rho = 0.3, p = 0.017) and right (rho = 0.29, p = 0.021) UF were
significantly associated with increasing state dissociation scores within all participants. However,
the associations were not significant after the p-values had been corrected (p = 0.068 and p =
0.0643, respectively, BH corrected). The associations with MD in right and left UF were not
significant (p = 0.392 and p = 0.0.091, respectively). When the analyses were done with only PTSD
participants there was a significant association between increasing FA in left UF and increasing
state dissociation score, also after Bonferroni-Holmes correction (rho = 0.51, p = 0.011, BH
corrected) and the addition of state measures (rho = 0.53, p = 0.015, BH corrected) (figure 3).
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Figure 5. Partial correlation plots of FA measure in right CB and left UF and state avoidance and
dissociation scores in PTSD patients.

The plots depict standardized residuals of FA measures in right CB and left UF and state avoidance
score (left panel) and state dissociation score (right panel). The partial correlation is significant in
both plots. The residuals are derived from regressing symptoms of avoidance and dissociation, FA
in right CB and FA in left UF against trait measures (CAPS-5 subscores), mTBI, total brain FA and
tracts volume.

Discussion

In the present study we investigated the microstructure of WM in fibre tracts of brain networks
involved in emotional processing, memory, attention, and language in treatment seeking male
refugees with PTSD and male refugee healthy controls. As expected, PTSD was associated with DTI
measures possibly reflecting decreased WM architecture integrity and organization13,14 of fibre
pathways in right UF (↑MD), CB (↓FA) and OF-ST (↓FA) as well as left SLF segment I and II (↓FA).
For right UF, CG and OF-ST, these associations were further corroborated by significant correlations
between low FA and high MD and having experienced multiple traumatic events. We confirmed our
hypotheses that in PTSD, symptoms of avoidance and dissociation in immediate response to
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symptom provocation were associated with CB and UF microstructure but did not confirm our
expected relationship between symptoms of arousal and UF microstructure.

That PTSD was found to be associated with altered microstructural properties of WM in UF, CB is in
accordance with previous literature8,9,16–18. To the best of our knowledge, the fibre bundles between
OF and Striatum has not previous been investigated with tract-based segmentation or been
reported in studies using tract-based spatial statistics (TBSS). Collectively the UF, CB and OF-ST fibre
bundles have the potential to affect communication between mPFC, striatum, amygdala, insula and
hippocampus20,21,23 which are pivotal regions in the neurocircuitry model of PTSD and assumed to
underlie abnormal fear conditioning and fear-potentiated startle, deficits in contextual processing
and memory function6,7 as well as anhedonia in PTSD34–38.

Similar to a recent study that also used an automatized tract based segmentation method to
extract FA measures and compared PTSD to trauma-exposed healthy controls19, we found that
right UF was associated with increased MD but not decreased FA. However, other studies, using
tract-based spatial statistics (TBSS), have found both decreased FA and increased MD in PTSD
populations compared to non-trauma exposed healthy controls (but no difference between PTSD
and trauma-exposed controls)18 and an association between decreased FA and subthreshold
PTSD62 in UF. Considering that tractography based methods, compared to TBSS, is more sensitive
to the individual differences in anatomy, include FA values from more fibres when calculating a
mean FA value and is less sensitive to the effect of adjacent tracts and surrounding tissues, one
might speculate if tracts-based tractography is superior to TBSS regarding extracting the
microstructural characteristics of UF. Findings in FA with TBSS may therefore reflect more
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macroscopic variations across participants, like tract size, comparison of portions of the UF with
different curvature etc. It is also possible, that the conflicting results reflects different group
comparisons across studies and that a normal FA, but increased MD measure, is specific for the
difference between trauma-affected non-PTSD and trauma-affected PTSD groups.

Like previous studies8,9 we found that decreased FA in SLF was related to PTSD. However, it is in
contrast to two recent studies using both TBSS and tract-based segmentation that did not observe
differences between PTSD participants and trauma-exposed healthy controls in SLF (temporal and
parietal projections)16,63. We further found that the group difference was restricted to left SLF,
segment I and II. One previous studies using TBSS has also implicated left SLF29, however, from this
paper it is not possible to assert specifically which segment of SLF. SLF-I links the superior parietal
region with the frontal lobe supplementary motor areas (SMA) and is likely to bear information
important for salience processing21,64 which, in accordance, has been found to be abnormal in
PTSD65. Moreover, PTSD has been linked to decreased resting-state connectivity involving SMA66.
SLF-II, connecting the inferior parietal lobule and the occipito-parietal area with regions in prefrontal
cortex, is involved in processes related to spatial visual attention and engagement in the
environment21 which fits well with both atypical visual neural processing67 and pattern of distorted
visual attention68 being associated with PTSD.

As assumed, we found that avoidance was associated with a decrease in FA in right CB in patients,
possibly reflecting decreased microstructural WM organization13–15. Using TBSS and trait symptoms
of avoidance, a similar association has recently been reported18. Avoiding memories, people and
places than can trigger trauma-related emotional responses is a hallmark of PTSD40 and considered
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an affect regulating strategy69 as it reduces the risk of being confronted with painful memories.
However, on the long run the strategy can have unfavourable effects and hinder effective
treatment70. Retrieving memories in a less specific way to avoid negative memories is one aspect of
avoidance strategies4,71,72. Considering that CB plays an important role in episodic memory
retrieval23,73,74 and that PTSD is marked by memory dysfunctions25,26 one might speculate if
avoidance and decreased memory specificity in trauma-affected refugees with PTSD is, in part,
mediated by decreased structural connectivity in CB. Interestingly, the negative correlation
between avoidance score and FA in right CB was even more prominent after controlling for CAPS
subscores, including the CAPS-C sub-score which measures trait avoidance (last month). There are
two obvious explanations for the incongruence between the state and trait avoidance scores. First,
reports of symptoms in the past month (trait score) are susceptible to bias and distortions
associated with reconstructive recall75,76. Secondly, the CAPS ask about avoidance of people, places
and conversations which is not included in the RSDI. Instead, the RSDI only contains questions
related to avoidance of imagery. In accordance with the outlined function of CB, our results suggest
that it is specifically avoidance of imagery and memories that is related to the microstructure of
right CB.

Contrary to what we expected, we did not find that in patients the level of arousal was associated
with decreased FA and increased MD in UF. One possible explanation is that the symptom
provocation did not elicit enough arousal to recruit the mPFC to subsequently downregulate
amygdala activity. This is despite that the symptom provocation caused a significantly mean
increase in heart rate from 100-105 in PTSD participants, while there was no increase in RHC.
Considering that our PTSD cohort on average had symptoms for 14 years, one might consider if the

171

neural regulation of amygdala has subsided over the years and that counteracting effects of
dissociation dominate our findings. Interestingly, we did find a positive correlation between
measure of arousal and UF MD when all participants were included, which support involvement of
UF in top-down regulation of amygdala, at least in a trauma-affected population.

As predicted, we found that symptoms of dissociation in PTSD positively correlated with FA of UF.
This has not previous been found but both functional and structural neuroimaging investigations
have shown that dissociation in PTSD was correlated with increased mPFC activity and increased
volume relative to healthy controls3,77,78. Furthermore, the current neurobiological model of
dissociative symptoms proposes that hyperinhibition of limbic regions, such as insula and amygdala,
by mPFC brings the body in a state of hypoemotionality which is generally experienced as being in
a dream, disconnected from the body or as being in a fog3. Given that UF has the potential to affect
communication between mPFC and limbic regions, our results could represent a WM
microstructural marker of increased mPFC-limbic activity via fibre portions within UF. That the
positive correlation between dissociation score and FA measure in left UF remained significant after
controlling for PTSD trait measures indicates that suggested fibre portions are specifically involved
in mediating dissociative experiences in PTSD.

DTI metrics such as FA and MD are sensitive but unspecific and may reflect a number of effects
ranging from microscopic cellular effects, mesoscopic axonal architecture and alignment up to
macroscopic differences11,79,80. The interpretation of DTI metrics could thus be many and must be
put into relation to the pathology of interest. The pathophysiological mechanisms behind WM
changes in PTSD are likely linked to genes, epigenetic mechanisms and psychological stress and their
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stimulating effect on proinflammatory cytokines81–85. The neuro-circuitry involved in anxiety and
fear has been conserved during evolution and animal models could guide the interpretation of DTI
metrics86. Stress exposure in rats has been related to cytoarchitectural changes with dendritic
growth and loss in amygdala and hippocampus respectively is associated with stress load and
behavioural response which is also captured by altered diffusivity87. Effects of altered glial activity
detected with MR spectroscopy of metabolite concentrations in similar models suggest that
multimodal MRI approaches could give insight into the intricate interplay between different
pathophysiological mechanism88. While these animal studies have focused on grey matter, similar
mechanisms combined may also lead to white matter degeneration or activity dependent plasticity
through e.g. myelin modulating mechanisms89. The overall pattern shows a decreased FA and trends
towards increased MD consistent with interpretations of degeneration and decreased structural
connectivity of the fibre tracts of interest. The positive correlation between UF FA and the state
measure of dissociation in PTSD patients could indicate activity driven myelination counteracting
degenerative effects.

We found that the microstructure of WM, associated with PTSD was reserved to the right
hemisphere for tracts originating in prefrontal cortex (UF, CB and OF-ST). In previous studies on CB
and UF in PTSD a pattern toward right side lateralization also emerge8,9. Considering that abnormal
cortisol level and dysfunction of the hypothalamic-pituitary-adrenal (HPA) axis are implicated in
PTSD90,91, this pattern might be related to right medial PFC and cortisol and their roles in enhancing
neuroendocrine response92,93 and stimulating effect on proinflammatory cytokines85, respectively.
Moreover, several studies have documented a right side lateralisation in PTSD concerning the
volume of hippocampus94 and anterior cingulate cortex95 and the concentration of N-
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acetylaspartate in hippocampus96. However, given that the neurobiological changes related to PTSD
in general is not just restricted to the right hemisphere, more studies are needed to assert the
significance and mechanism behind structural asymmetry of WM tracts in PTSD.

Some methodological advancement regarding the DWI processing has been proposed in this study.
We applied a new tract segmentation method that provide subject specific tract segmentations
taking complex fibre architecture in e.g. crossing fibre regions into account to robustly account for
intersecting tracts. The method is automatic and will thus be robust to operator-based biases. The
method has recently reported improved performance in comparison with other tractography based
methods or registration to common atlas spaces51. Most previous DTI studies of PTSD8 have used
Tract Based Spatial Statistics (TBSS)97 or other registration techniques to common templates to
compare metrics across subjects. TBSS compare voxels on a white matter skeleton which may not
optimally capture inter-individual variations of tract trajectories through white matter and their
relation to cortical targets. Moreover, the analysis of the tract skeleton only may exclude
functionally relevant white matter from the analysis while our analysis reflects the whole cross
section of the respective tracts. The isolation of tracts on an individual basis gives the information
regarding tract volume in each participant which was used as covariate to uncouple effects from
variation in macroscopic tract volume as previously shown necessary to account for partial volume
effects in microstructural interpretation of DTI data with both tractography and TBSS55,98,99.

Limitations
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Trauma exposure has previous been associated with alterations in WM tracts18,100,101 and thus the
use of trauma-affected healthy controls (though less affected than the PTSD participants) in this
study may conceal any potential effects of the traumatic events per se. Therefore, the results
concern WM alterations associated with the transition from being trauma-affected to developing
PTSD. Because there was a high rate of antidepressant medication use in our PTSD sample and
antidepressants have been shown to affect the microstructure of WM102, our results cannot be
generalized to a medication-free PTSD population. Moreover, as depression was present in 86% of
the PTSD sample, our results should be interpreted with caution in other samples than traumaaffected male refugees with PTSD and secondary depression. However, generally depression is
diagnosed in approximately 50% of PTSD cases and it is appropriate to consider depression and PTSD
to emerge simultaneously as two facets of a general posttraumatic psychopathology103,104.
Consequently, our results can be generalized to a large, clinically relevant, population of treatment
seeking refugees with PTSD. Since we used interpreters there is a risk of miscommunication though
it was not the impression that this has resulted in any clinically relevant information being lost.

Some of the tract systems of interest, in particular CB and the SLF clusters interconnect multiple
regions along the way and may consist of several sub-segments23. The findings in those tracts may
therefore not reflect structural connectivity between single regions exclusively. Finer tract subsystems can in principle be reconstructed with tractography but may not necessary reflect the true
topography of tract endings in contrast to our more conservative interpretation using the body of
tracts as in this study105,106. MD, and in particular FA, may still be modulated by the spread of axonal
directions within a voxel from fibre crossings, dispersion within the tract, axonal undulations or the
overall curvature of sharply bending tracts. Those effects could still be related to altered structural
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connectivity but may complicate the interpretation of the source. Refined DWI methods utilizing
multidimensional diffusion encoding schemes have been proposed and can resolve macroscopic
from microscopic anisotropies and will be considered in future work107–109. Complimentary
information from additional quantitative MRI techniques and no less important independent
validation is highly needed to shed light on the individual cellular mechanisms responsible for our
findings and is an active field of research80. Finally, longitudinal studies are needed to assert if
biological dispositions to WM pathology are involved in the causation of PTSD, or vice versa.

Conclusion

We found that PTSD was associated with compromised structural connectivity of WM in CB, UF,
OF-ST and SLF, subtype I and II and that state symptoms of avoidance and dissociation could be
interpreted as decreased CG but increased UF structural connectivity. Our findings support a
neuro-circuit model of PTSD that emphasizes top-down dysregulation of hippocampus, amygdala
and insula by mPFC in relation to contextual processing deficits, exaggerated fear and symptoms
of avoidance and dissociation. It also agrees with disturbances in the reward circuitry and
symptoms of anhedonia in PTSD.
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