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Summary

The cumulative dissertation is based on two original papers published in 2022 in the scientific journals
Journal of Neurotraumdfirst authorship) andAMA Network Opefco-authorship).The overall re-

search goal of the two studies is to assess microstructural brain alterations in VEterassessment
andvisualizationareperformed using a particularly sensitive technique based on magnetic resonance
imaging (MRI), known as diffusion tensor imaging (DTI). Both studies use a specific advancement of
DTI, freewater diffusion tensor imaginghich corrects the DTI metrider the effects oéxtracellular

free waterand thugprovides additional information compared to conventional diffusion measurements.
The studies both address the questidmether microstructural brain alterations in veterans are related

to neuropsychological function both studies, the influence of a common diagnosigeteransmild
traumatic brain injury (mTBI), is also consideréwal.addition, thetwo studieseachaddresspecific

aspectsthat have not been adequately addressed in previous studies.

Or i gi nal( Firrtsitclaeut hor shi p)

This first project aims taddresshe questiopwhether neuroprotective and centrally acting hormones,
so-called neuractive steroidsplay a role in the pathophysiology of a variety of neuropsychiatric
symptoms in veteran3.he research question is based on studies on the genesis of neuropsychiatric
diseases, which discuss not only the influence of microstructural brain alterbtibatso the signif-

icance of neuroendocrine dysregulations in stess®ciated diseases. Previous research on health out-
comes in veterans has focused primarily on the most common neuropsychiatric diagnoses, including
mTBI and postraumatic stress disorder (PTD8pwever, given the large overlap of multiple neuro-
psychiatric symptoms in veterans, our study pursues a novel approach by examining the overall psy-
chological functioning across veteraBpecifically, this study aims to determine whetgsociations
between serum levels of neaative steroidswholebrainwhite matter microstructure, and psycho-
logical functioning can be established. In additlwadetermine whether thesssociationsre influ-

enced bycommon and often comorbitiagnoses, mTBI and/or PTSD. 163 subjécis) the INTRUST
consortium projectvere included in the study. Subjects underwent neuropsychological assessment
using clinical questionnaireas well adMRI imaging and blood sampling to determiegels ofthe
neuroactie steroidallopregnanolone (ALLO) and pregnenolone (PREGNB&ksed on selected psy-
chological questionnaires, factor analysias performedThe analysis confirmed that the neuropsy-
chological symptoms measured by the questionnaires can be attributed to a common fazgor that

turespsychological functioning. Regression analysis demonstrated that serum levels of ALLO are
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positively associated wittvhole brainwhite mattemmicrostructure A moderation analysis revealed

that this association was more pronounced in individuals with a comorbid mTBI and PTSD diagnosis.
In addition, a positive association was established between white matter microstndtysycho-
logical functioning.Thus, this studghowsthat neuractive steroidéiave a protective effect on white
matter microstructuréMoreover the results suggest that a dysregulation of the endocrine stress re-

sponse playa cucialrole in the progression of widespread neuropsychiatric impairments in veterans.

Origina2 @@odholtship)

To date, researdhvestigatingorain function and structure in veterans has been conducted almost
exclusively in the context of waonerelatedneuropsychiatric diagnoses suchPassD and/or

mTBI. Considerably fewer studies have examingat likely constitutes aommon, underlyingon-
tributor toneuropsychiatric impairment in veterans: wanerelatedtraumatizing experiencem

light of this research gap, this project addresses the question whettmmeeglated stress is asso-
ciated with brain structural alterations and to what extent this association is influenced by a diagnosis
of mTBI. Since studies on macrostructugedy mattemlterationsaftercombat exposurieave shown

a decrease in limbic and paralimbic volumes, this study focuses on 8 limbic and paralimbic regions
of the gray matter in each brain hemisphere. Expanding on previous studies, grayvassier

lyzed usig DTI, which enabletheanalysis of gray matter atmicrostructural levelln addition, we
examing whether a link can be established between microstrugtaglmatter alteratiorend neu-
ropsychological functionrOur sample consists of 168 male veterfaos theINTRuST study. The
veteransinderwent a neuropsychological examination based on clinical questionnaires as well as
MRI imaging. The findingsndicatedon the one hand, that greater wanerelated stress is associ-

ated withgray matter microstructural abnormalitieshe bilateral cingulate, bilateral orbitofrontal,

and right parahippocampal gyrudteredgray matter microstructaiin the cingulate/orbitofrontal

gyri was in turn associated with poorer response inhibition. On the otherdgnaatewar zonere-

lated stress was reéat toalteredgray mattemicrostructue in the amygdaldippocampal complex.
Thealtered microstructrein the amygdaldippocampal complewaslinked tobetter shorterm

memory and higher processing spdadaddition, a history of mTBI did not affect the relationship
between warzonerelated stress and gray matter microstructure. The study is highly relevant because
it revealspathophysiological mechanisms behind the adverse health effects oéweaelated

stress. Thus, microstructuiaterationsof thelimbic gray mattemicrostructurevere identified as a
major factor mediating the relationship between raarerelated stress and neuropsychological con-

sequences.
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Zusammenf assung

Die kumulative Dissertation basiert auf zwei Originalarbeiten, welche ia0#h wissenschaftlichen
Fachzeitschriften Journal of Neurotrauma (ErstautorenschaftjAMA Network Open(Mitautoren-
schaft) veroffentlicht wurden. Das gemeinsame Forschungsziel der beiden $estadt darirnik-
rostrukturelleGehirnveranderungeei Kriegsveteranedarzustellen. Di€Quantifizierungund Dar-
stellungerfolgt mittelseinerbesonders sensitiveauf der Magnetresonanztomograp(eiegl. Magnet
resonance imaging, MiRbasierenden Technik, der sog. DiffusiofensorMagnetresonazomogra-

phie (engl. Diffusion tensor imagin®TI). Beide Studien verwenden dabei eine spezielle Weiterent-
wicklung derDTI, die freewaterBildgebung,welche die O'l-Messwerteum die Effekte des extra-
zellularen freien Wassers korrigiert und somusatzliche Informationen im Vergleich zu konventio-
nellen Diffusionsmessungen liefeltie Studien gehen zudem beide der Fragestellung nach, inwieweit
die mikrostrukturellen Gehirnveranderungeei Kriegsveteranemit neuropsychologiscimg=unktio-
nenzusammenhangem beiden Studien wird aul3erdem der Einfluss einer haufigen kriegsassoziierten
Diagnosedas leichte Schadélirn-Trauma(engl. Mild traumatic brain injury, mTBJpertcksichigt.
Zusatzlich behandelnid beiden Arbeitefjeweils spezielleTeilaspekte welche in bisherigen Studien

nicht hinreichenddressiert wurden.

1Ar beit

Das erste Projekhdchte insbesondereed-ragestellung testemwieweitneuroprotektive und zentral
wirksame Hormone, sogenannte Neurosterdideder Pathophysiologigelfaltiger neuropsychiatri-
scher Symptome bé&ieteranen eine Rolle spielebie Fragestellundgnipft anStudien zur Genese
neuropsychiatrischegrkrankungen an, welchgeben dem Einfluss mikrostruktureller Gehirnveran-
derungen auctie BedeutsamkeiteuroendokrineDysregulationemei stressassoziierten Erkrankun-
gendiskutierenBisherige Forschungu den Gesundheitsfolgen bei Veteranen fokussierte sich haupt-
sachlich auf die haufigstemeuropsychiatrischen Diagnasavozu insbesondere dasTBI und die
Posttraumatische Belastungsstoreggl. Posttraumatic stress disorder, BY3ahlen.Da die viel-
faltigen neuropsychiatrischen Symptome bei Kriegsvetergaecheine groRe Schnittmenge aufwei-
sen,verfolgt unsere Studie den neuen Ansdiz gesamte psychologische Funkisfghigkeitder Ve-
teranen zu untersuche®peziell solluntersuchtverden ob Zusanmentingezwischen Serumspiegel
von Neurosteroiden, der Mikrostruktur dggsamterweiRen Substan@ngl. White matterund de
psychologische Funktiorsfahigkeithnachgewiesen werden kénn&udemsoll beantwortet werden,
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ob diese Zusammenhénge durch die zentraleysassoziierten Diagnosen Bl und/oder PTSD
beeinflusst werderil63 Probandewurden in @ Studie eingeschlosseBei den Probanden erfolgte
eine neuropsychologische Untersuchung mittels klinischer Fragebdgen, ein8iMBabung sowie
eine Blutabnahme zur Bestimmung der Neurosteroide Allopregnarfetasi. Allopregnanolone,
ALLO) und Pregnenolofengl. Pregnenolone, PREGNBasierend auf ausgewahlten psychologi-
schen Fragebdgen fuhrten wir eine Faktoreneeadlurch Diese bestatigte, dass die mithilfe der Fra-
gebdgen gemessenen neuropsychologischen SymptoremenfemeinsameFaktor zuriickgefuhrt
werden kdnnenwelcher digosychologische Funktionsfahigkeit erfaddithilfe von Regressionsana-
lysen konnte nachgewiesen werden, dhsSerumspiegel vOALLO mit der Mikrostrukturder ge-
samtenweil3en Substanassoziiert sindEine Moderationsanalyse konrgeigen dassdieser Zusam-
menhandei Personen mit einer komorbiden mTBid PTSD Diagnose verstaikt. Zudem konnte
eine positive Assoziatiomwischen der Mikrostruktur deveil3en Substanand derpsychologischen
Funktionsfahigkeit hergestellt werden.

Diese Studie zeigdass Neurosteroide einen protektiven Effekt auf die Mikrostruktuveien Sub-
stanzhabenZudem deuten die Ergebnisse darauf hin, dasByseegulation der endokrinen Stress
Antwort eine entscheidende Rolle bei der EntwickluwejtreichendemneuropsychiatrischieBeein-

trachtigungerbei Kriegsveteranen spielt.

2. Arbeit

Die Erforschung veranderter Gehirnfunktionen und Strukturen bei Kriegsveteranen erfolgte bisher fast
ausschlief3lich im Zusammenhang mit kriegsassoziierten neuropsychiatrischen Diaged3€8D
und/odemTBI. Weitaus wenigeBtudien untersuchten dabé¢ gemeinsame, zugrundeliegerde
sacheder neuropsychiatrischen Beeintrachtigung bei Veteratesrerlebten, kiegedingterStress.

Vor dem Hintergrund dieser Forschungsliicke behandelt dhesgktdie Teilfrage inwieweitkriegs-
bedingte Stresamit verdnderten Gehirnstruktur@mhergehund inwieweit diese Assoziation durch
die Diagnose einemTBI beeinflusst wird.Da Studien zu makrostrukturellen Veranderungen der
grauen Substanz nach Kriegsexposigame ReduktiorderVolumina limbischer und paralimbischer
Strukturenmnachweisen konnte konzentriert sich diese Studie auf 8 limbische und paralimbische Re-
gionen der grauen Substanz in jeder Gehirnhélfte. Als Erweiterung zu bisherigen Studiemsamliedie
Substanz mithilfe deDTI untersucht werdemnyodurch die Analyse der grauen Substanzralfo-

strukturellerEbene erméglicht wird.
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Daruber hinausoll gepruftwerden, ob eine Verbindung zwischen mikrostrukturelleranderungen

der grauen Substanz und neuropsychologischen Funktionen hergestellt werden kann.

Unsere Stichprobe besteht aus 168 mannlichen Kriegsveteranen. Bei den Probanden wurde sowoh|
eine neuropsychologische Untersuchung mittels klinischer Fragebdgen als auch eirizldgeT
bung durchgefihriDie Ergebnisseeigen zum einendass groRerer kriegsbedingter StressAni-
maliender Mikrostruktur der grauen Substanim bilateralen cinguléarg bilateralen orbitofrontalen
und rechten parahippocampalen Gyesbunderist. Die veréanderteMikrostruktur der grauen Sub-
stanzim cinguléren/orbitofrontalen Gyrus war wiederum mit eisehnlechterefiReaktionshemmung
verbundenZum anderen konnte gezeigt werden, ddéskereikriegsbedingter Stress netnerver-
anderterMikrostrukturder grauen Substamn AmygdalaHippocampusKomplex zusammenhangt.
Die veranderteMikrostrukturim AmygdalaHippocampusKomplex war mit einembesseren Kurz-
zeitgedéachtnis und einer hoheren Verarbeitungsgeschwindiggkkitipft.

Zudem stellte sich heraus, dassraifBl in der Vorgeschichte keinen Einfluss auf den Zusammenhang
zwischen kriegsbedingteStress und der Mikrostruktur der grauen Substanz hatte.

Die Studie hat insofern eine grof3e Relevaaig sie pathophysiologgche Mechanismehinter den
gesundheitsschadliché&uswirkungenvon kriegsbedingtem StressitschlisseltSo konntermikro-
strukturelle Veranderungen der grauen Substanz des limbischen Sgitesims wesentlicher Faktor
ausgemacht werden, welctien Zusammenhargyvischen kriegsbedingtem Stress und neuropsycho-

logischen Folgen vermitte!
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| . | ntroducti on
| .BBackground on the vmtlertaar gp epu lheetail am

Mental health in the veteran populatiorsbaen a neglected area of interest for a long time

However, after the Vietham War and with the inclusion of f@atmatic stress disorder (PTSD) in

the Diagnostic and Statistical Manual of Diseases (DSM) in 1980, the mental health of the veteran
populationhas receivedncreasingattentionin researclf. The subsequenivars in Afghanistan and

Iraq led to durther varietyof studies examining the mental and behavioral health problems of veterans
and their contributing factors

The wars in Afghanistan and Iraq differ from previous wars in many ways. They represent one of the
longest enduring U.S. military operations ever, and the United States has deployed more than 2.7 mil-
lion men and women in support e@dmbatoperations in Iraq and AfghanistdA Combatoperations
included Oferation Enduringreedond  ( Quhiel) is the official name for the war in Afghanistan
from October 201 to December 201% Subsequently, troops continued to be deployed in Afghanistan
until 2021, mainly helping to train and suppoffghan security force4 The war in Iraq is called
"Operation Iragi Freedom" (OIRgndbegan in March 20035ince September 2010, ongoing opera-
tions in Iraq have been given the new name "Operation New Dawn" (OND) due to reductions in U.S.
forces. OND ended with the termination of the war in Iraq in December®20idontrast to previous

wars, more women, parents of young children, and Reserve and National Guard soldiers have been
deployedIn some cases, deploypdrsonnel were exposed to longer deployments and shorter periods
at home between deployments than in previous Wwars

By now,increasing evidenaen OEF/OIF/OND veteranmintsto the longterm effectsf deployment

to combat orpsychologicahealth, interpersonaind economic functionin®®. The consequences for
society are devastatings veterans are often unable to integrate into social and workingftkie
deployment’ Of note,veterans represent a clinically complex group with multiple comorbidities
Among the mosprevalentand serious health sequelae affec@igFOIF/OND veterans arenTBI
andPTSD% The high incidence of these two diseases can be attributed to the use of improvised
explosive devices and the constant threat during these oper&tigpsrt from mTBI and PTSD, a
variety of othehealth conditiontiavealsobeen associated with combat expostife These include
various psychiatriconditionssuch aslepressive disorders, substance use disorders, suicidal aftempts
and anxiety disorderd. Additionally, veteransre at increased risk ftwehavioral disordersuch as

chronic paint® and sleep disordet§.
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Symptoms of thesabove mentioned psychiatric and behavia@iditions often overlap, making it
difficult to diagnose and treat diseases in vetetanSiven the farreachingconsequenceandthe
associated challenges of the veteran populatonsortia have beegstablishedparticularlyin the
United Statesto develop new treatments preventive measurdbat reduce the impact of military

related psychological health problems

| .S2 gnaturef i w@BdAnEds$SD
1.2.1Prevalenceand Diagnosis

Mild traumatic brainnjury

Mild TBI is considered to be one of theading causeof disability in veteranswith rates of around

15% among American service membgrs

Although there isa wide range of definitions regarding mTBbhnsensus has been reached on the
diagnostic criteria as proposed by the Mild Traumatic Brain Injury Committee of the American Con-
gress of Rehabilitation Mediciné (see table)There are three criteria that are consistently used to
diagnose mTBI, including the Glasgow Coma Scale (GCS) score, duration of loss of consciousness
and postraumatic amnesi&. Usually, symptoms that occun the context omTBI dissolve within

days to week$’. Howeverabout one third of the affected individuals experignessistenpostcon-
cussive symptoms fES) thatastbeyond 5 month€. PPCSincludesomaticsymptomge.g.nausea,
dizziness, headachandlight or sound sensitivity), cognitive impairment (e.g. concentration, attention
and memory deficits)and emotionahlterations(e.g. irritability, frustrationand depression§* (see
Table 1).

Mild traumatic brain injury (American Congress of Rehabilitation Medicine)

traumatically induced physiological disruption of brain function
(one of the following)
1. period of loss of consciousness
2. loss of memory for events immediately before or after the acciden
3. alteration in mental state at the time of the accidegt f@eling dazed,
disoriented, or confused)
4. focal neurological deficit(s) that may or may not be transient

Mild severity - loss of consciousness < 30 minutes
- after 30 minutes, initial GCS: 135
- posttraumatic amnesia (PTA) < 24 hours
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the head being struck

the head striking an object

brain undergoing aacceleration/deceleration movemer:. fivhip-
lash) without direct external trauma to the head

Inclusion Criteria

wh ke

Exclusion Criteria stroke anoxia, tumor, encephalitis

Postconcussive 1. physical symptoms of brain injury
symptoms - nhausea, vomiting, dizziness, headache, blurred vision,
sleep disturbance, quickness to fatigue, lethargy,
or other sensory loss
2. cognitive deficits
- e.g. involving attention, concentration, perception, memaory
speech/ language, or executive functions
3. behavioral changes /alterations in emotional responsivity
- e.g. irritability, quickness to anger, disinhibition, or emotion
lability

Table 1. Diagnostic criteria of mTBé&ccording to the American Congress of Rehabilitation Medicine

Posttraumatic Stress Disorder
PTSD is defined by the development of characteristic symptoms following exposure to one or more

traumatic event&. The currenPTSD prevalence average 1%23 However, the lifetimgrevalence

is substantially highesndvaries betweef3.020.4% for women and 622.2% for merf*,

In the population 0OIF and OEFveterans, every 120 out of 100 veterans reces/adiagnosis of

PTSDin a given yeaf>

Particularly characteristic of PTSB the recurrent, involuntary, intrusive and distressmgxperi-

endng of aspects of the traumatic eveimcluding flashbacks and nightmar&s’*’. A further core
symptom is the avoidance of situations, people or circumstances associated with the tr@uitea (C

rion).

Indicative for PTSD is also persistent hyperaroushich manifests itself in irritable behavior, hyper-
vigilance, concentration problemand sleep disorderhe 5" edition of the DSM also includes a
symptomclusterof negative cognitiorfe.g.amnesia regarding important parts of the evexagger-

ated negative beliefs) and emotional disruptions (e.g. negative emotions, loss of interest, sense of de-

tachment from othergseeTable 2.
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DSM-V ICD-10 research diagnostic criteria

Duration Symptoms present for at least 1 month Symptoms should usually arise within
months of the traumatic event

Stressor Criterion A. Exposure to actual or threatened A. Event or situation of exceptionall
death,serious injury, or sexual vio- threatening or catastrophic natur
lence likely to cause pervasive distress

in almost anyone

Symptoms B. Intrusion symptoms B. Persistent r@xperiencing of the
- One of five stressor
C. Avoidance C. Avoidance
- One of two
D. Negative alterations ioognitions and D. Either
mood 1.) Inability to recall important
- Two of seven aspects of the stressor
2.) Persistent hyperarousal
- Two of five
E. Persistent hyperarousaj E. Cllnlca”y significant functional
- Two of six impairment
Further criteria - Distress/ functional impairment (e.g. - Clinically significant functional
social, occupational) impairment
- No substance abuse/ general medic:
condition

Table 2 : Diagnostic criteria of PTSD according to I€ID and DSM5

Mild traumatic brain injury iad Posttraumatic Stress Disorder

A large proportion oOEF/OIF/OND veteranswith positive mTBIdiagnosis also suffer from PTSD,
with prevalence rates between 26 and 444% Further, he high comorbidity of mTBI and PTSD is
plausible given té bilateral risk of the two diseases. On the one h&Bdljs often associated with
potentially traumatic condition® and may increase the risk @dévelopingPTSD by causing neural
disruption®®. On the othehand,PTSDis a predictive factor for the development of persistent symp-
tomsfollowing TBI, especially when the TBI is mlit*3% In addition to the high comorbiditTSD

and mTBlalsomanifest in similar symptoms, making clinical distinctions and effective interventions
difficult 1912 Whereas the somatic symptomisbrain injury are relatively distinctive opersistent
postconcussive syiptoms!?, the nonspecific symptoms associated with milder TBI show a large

overlap with the PTSD symptomatolot{***(Figure 1).
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Depression/
anxiety
PTSD Insomnia PPCS

Reexperiencing Irritability/anger Heac.la.cl_]e ‘
symptoms Trouble Sensitivity to light
Shame concentrating (and sound) .
Guilt Fatigue Memlory deficit

Hyperarousal Dizziness

* Avoidance

Figure 1. Symptoms of PTSD andAZS and their overlaly

Reprinted with permission from tiemerican Journal of Psychiatrigxploring the Convergence of Posttrau-
matic Stress Disorder and Mild Traumatic Brain Injury, Murray B Stein and Thomas W McAllister, Volume
166:7 (Copyright © 2009). American Psychiatric Association. All Rights Reserved.

1.2.2Pathogenesis

Due tothe development of in vivo functional neuroimaging and endocrinological studies, the under-
standing othe common diagnosesweterandas evolvedonsiderablyn recentyears.n the follow-

ing section) will review the pathogenesis of tio mostprevalentdisorders in veteransnTBI and
PTSD The neuroendocrin@andbrain structuralpathologiesof military-relatedneurgsychiatric dis-

orderswill be addressed in the following section3dnd I5.

Mild traumatic brain injury
Mild TBI is caused by sheiaig forcesdue tosudden acceleratietieceleratioreffectson the brair.

These sheanrg forceslead todiffuse injuries of axonwithin thewhite mattettracts of the braif*.
Axonal injurycauses localized transport faillaad might have the effect dbcal swelling®334
In addition,therelease of [ytamate and other excitatory neurotransmitteys the synapse of dam-

aged axonsauss a rapid ion shift across the cell membr&h&,
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Alterationsin metabolic reactions affeglucose metabolism and oxygen levatsl lead to increased
energy demands and a period of metabolic ciiisisthermore, mTBI is associated with an initial de-
crease in cerebral blood flow followed by vasodilatatishich further exacerbates the mismatch be-
tween energy supply and dema#id®*’,

This energy deficit mayn turn, result instructuraland functionahlterationsn mTBI.

In addition to the acute pathomechanisms following mTBI, theralacechronic consequences that
emerge over the course of weeks and monittimmatory processes are viewed as important sec-
ondary mechanisgafter mTBI®8. The initial mechanical damage caused by the neurotrauma initiates
an immune response. Immune cells releasarglammatory cytokines and chemokines, leading to
cerebral edema and elevated intracranial pressure. As a resuliBidf the bloodbrain barrier may

also be damaged, facilitating the invasion of circulating immune regulators that further amplify the
inflammatory respons&“° Such a prolonged immune response may also favor neurodegenerative
processed®. Neurodegenerative effects after brain trauma indlbdaccumulation obetaamyloid
precursos and tau proteis*!42 The pathophysiological alterations also have clinical implications, as
mTBIl is associated with neurodegenerative diseases such as Alzh@med Par ki n€onods
The more progressive consequences of brain injury also include axonal demyelination and white mat-

ter atrophy as a result of primary axonal damagbeedeath of myelinating celfs.

Posttraumatic Stress Disorder
The pathogenesis of PTSD is a complex process that hasirmeasinglyunraveled, primarily

through the findings of genetiaseuroendocrinologgsection 1.3) andceuroimagingsection 1.5)Ge-

netics research has shown that both environmental influences and hereditary factors play a role in the
development of PTSEf 46,

As far as environmental influences are concerned, numerous studies have shown that the type, timing,
intensity and duration of the trauma are crucial factors in predicting the proneness to the*flisease
Regarding genetic influences, twin and family studies revealed that the overall heritability of PTSD is
around 30%%. The genetic vulnerability remains even after accounting for genetic factorpée-g.
sonality traits) that influence exposure to potentially traumatic events such as ¢dmbat
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I3 Military a & sposoyi cahtiendt ssd rcdiNeerus oendocri no
processes

The vulnerability of veteran® multiple neurgsychiatric conditionsan be attributed to the extreme
stress of the war experience and the corresponding dysregsitE#tiariousneuroendocrinprocesses

50 It is known that sessrelated conditions lead to neuroendocrinological dysregulations, which in-
clude upregulations of the hypothalarpituitary-adrenal (HPA) axié®>1*?and associateglucocor-
ticoid elevations. In addition,alterations in neusxtive steroidevelsin response to stress have also
been demonstratéd

Neuractive steroidsin particular ALLO and its precurs®REGNE®>>’, are positive Gammami-
nobutyric acid (GABA) receptor modulators amstealmany neuroprotective effect&®®such as anti
inflammatory®¥ 1, antiapoptotic®?, antidepressarft® %5, anxiolytic °8¢9%° and positive cognitive ef-
fects %77, In addition the neuroactive steroidLLO yields pronounced neuroprotective actions in
TBI. Animal models have shown that LO increases in several brain regions in response to a brain
injury 8, leading toenhancedeurogenesi&’, reducedneuroinflammatior?®®! and ischemic infarct
volume &, Importantly, both ALLO and PREGNBplay a significant role imeuroendaine stress
regulationby normalizing the hypeactivated HPA axigFigure 2) 8. Thus,the neuroactive steroids
constitute an endogenous autoregulatory mechanism to restore homeostasis and produce neuroprotec
tion in response to acute stré8878¢ . However in contrast to acute stressis proven thathronic
stresgeducesieuroactive steroitbvels®®8793 and leads to impaired negative feedback regulation of
the HPA axig1:92:%4

Indeed,decreased levels of ALLO have been foundervice memberwith a chronic streseelated
disorder such as PTSD, which wengerselycorrelated with reexperiencing and depressive symp-
toms of PTSD**8 Correspondingly, reduced levels méuroactive steroidsuch as pregnanolone
(PREGNA) and androsterone (ANDRO) have been documented in veterans with a history of blast
related TBI compared to veterans without PBI

However, he association betweeruroactive steroidend structural brain alterations hmeen poorly
investigatedso far To date, aly onerecentstudy has shown the neuroprotective effect of rextree
steroidson giay matterin comorbidmTBI and PTSD®®. Additionally, there is evidence from one
researclgroup presented as an abstract demonstratingnéumbactive steroidsiay also unfold neu-
roprotective effects owhite matter®.
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Figure 2. Summarizedliustration of central neuroendocrinological processes in respotragitoatizingstress
or brain traumand the role of neuroactive steroids (ALLO and PREGNE)

| . T4 eatmeeadwse todr ans

Regarding the treatment the most commoneuropsychiatric disease@sveteransremarlable effi-
cacy has been demonstrated psychotheragutic interventionsn combination with psychotropic
medicatior?¥ 192 Regarding the treatment of PTSD, thisrparticularlystrongevidence for behavioral
therapies that involve cognitive restructuriangdexposurdo the trauma memory. On the pharma-
cological side, selective serotonin reuptake inhibitors (SSRIclass of antidepressants, are the only
drugs approved by the Food and Drug Administration (FDA) for the treatment of @ &ver,
complete remission rates in patients only range between 20% and®3@#td particularly low re-
sponse rates to SSRIs aeportedin veterans 1% Furthermore, it must be taken into account that
PTSD is often comorbid and occurs especially with mTBI, depression, and sulztase®. Alt-
hough the psycHogical treatments were not initially directed at patients withadditionalmTBI
diagnosis', similarly high response rates to cognitive behavioral therapies are shown for patients with
PTSD and comorbid mTBI, compared to those with PTSD Bff{” According to theVeterans Ad-
ministration/Department of Defeng®A/DoD) Clinical Practice Guidelingscomorbid conditions

should be treated simultaneou8lyThe VA/DoD Clinical Practice Guidelines for Major Depressive
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Disorder recommend cognitive behavioral therapy (CBT), interpersonal psychotherapy, ggoltem

ing therapy, and clieatentered counseling as psychotherapeutic interventions for moderate and major
depression®. Electraonvulsive shockherapy can be used for very severe, psychotic, and treatment
resistanimajor depressionMoreover the use of psychotropic medicati@ntidepressantss recom-

mendedor moderate and severe major depres§ien

IGNeur oi magi ng

[.5.1 Methods

Diffusion tensor imaging

MRI was developed in the mit980s 1°®and has become a fundamental tool for neurological diagno-
sis1% MRI is more sensitive #m computertomography (CT)n detecting sbtle abnormalities 0111

as it has a better contrast resolution, especially for soft tissue. It is able to detect subacute hemorrhage:
and macroscopic areas gfayandwhite mattedamage.

A special type of MRI sequendiatwas introduced in 19942 is DTI. Whereas CT and MRI only
reveal macroscopic brain alteratioi3T| offers the most powerful tool for studyimghite matterand
microstructurahlterationsgn vivo 198109112113 BT| provides information about tissue structure based
on the diffuse motion of water molecules (Brownian motion). It measures not omatebat also the
directionality of diffusion'®®14 For eachvolume of a pixel oxel) of the brain, a diffusion tensor
(threedimensional vector) is calculated desorigpthe diffusion characteristicEi genvect or s
&3) ar e t he -demensienal vettor tinld describde the agientation of diffusion, while eigen-
values represent the length of their measure and thus describe the magnitude of diffasiothe
diffusivity is the same in all directions (e.in cerebrospinal fluijj diffusion is called isotropic and
can be visualized as spkét“. The diffusion of water molecules in structured tissue suchhite
matteris restrictedand water molecules diffuse most likely along the main direction of fibers and
rarely perpendicular to thetd?!>which is called anisotropic diffusiof®. Anisotropicdiffusion can

be visualized asn ellipsoid (Figure 3). Diffusion parameters can be calculated from the diffusion
tensor based on the eigenvalues.

Relevant diffusion parameters are fractional anisotropy (FA), mean diffusivity @&i2),diffusivity
(AD), and radial diffusivity (RD)FA is an index of anisotropic diffusion or directionality, ranging
from O (isotropic diffusion) to 1 (anisotropic diffusiof§*1 It is the most commonly used diffusion

value, as it imssumedo bea summary measure white matterorganizationt!’.
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MD represents theum of all three eigenvalues, divided by three. It expresses the average diffusivity
of water molecule$'® Typically, FA and MD are inversely relatéf.

AD is equal to the |l argest eigenvalue Yriga), w
consideredhat AD isa measure of axon integrit}’. The average of the diffusivities in the two minor
axes (&2, 3) is called RD and describes the
109 RD is an indicator ofmyelin integrity 11°.

However,evenif DTl parameterprovide important information abouthite mattemicrostructureit

must be taken into accoutitat they only represenan indirect and norspecific measure ofvhite
mattermicrostructual properties'®®12% A reduced FA can be caused by differeathologiesinclud-

ing demyelinationt?*'22 edema'?® or gliosis*?% In 2009, Pasternak et al. presented a promising
advancementf the DTl method, which is callddeewaterimaging*?®. Thistwo-compartmenmodel

of water diffusionseparately determis¢he amountof freewaterin theextracellular spacand in the

vicinity of cellular tissue®>. The two most relevant parametéhst areobtainedwhen using free

water imaging aréree water (FWpandfractionalanisotropy of the tissue (FAtYhe FW parameter
measures thigactional volume ofinrestricted free water in the extracellular sp&ée represents the
diffusion tensorwhich iscorrected for the contribution of frerater Thus,freewaterimagingim-

proves thespecificity of DTlindices and provides additional information abatiite mattemmicro-

structuret?>126
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Isotropic diffusion Anisotropic diffusion

AD=A1
Al RD= (A2 +13) /2
MD=(A1+ A2+A3)/3

e |-
“ Ji\/(;‘Ll_'1“2)2*'('1]._'13)2"'(‘;{2_'13)2
2 J(,112+a§+,132)

Al=A2=A3 Al>A2>A3

Figure 3: Isotropic and anisotropic diffusidigure medified aftei14

Region of interefROI) analysis

TheROI analysifocuses on specific regions based on a pfismulated hypothesés* Theprede-
fined regions of interestan be obtainedithermanually orby (semi)automated segmentatidtf-12’

For each subjecthe diffusion values are extractadd averagetbr the selected region®f note, he
method can be utided for bothwhite and gray matterstudies'?®. Due to its high sensitivityROI
analysis is best applied when there is a clear hypothesis about the expected differenitesigray
matterin a welkdefined brain regiof?’.

Tractography

Fiber tractography represents anotpestprocessing methothatenables the 3@isualization and
quantification of an entireshite mattertract 108114129 Thys, it provides important information about

the connectivity of different brain regions. Connectivity between the voxels can be determined based
ontheanisotropic diffusion of watéf®. Fiber tracking uses the diffusion tensor of each voxel to follow

the maindiffusion directionfrom voxel to voxel through the brat?®. Similar to ROtapproaches, a
region of interest is definedsa starting poim. In addition, inclusion and exclusion regions can be
assigned to describe the trajectory of the fibers more prediefowever,in contrastto ROl ap-

proaches, tractography can only be usedvitite matteranalysis
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Fiber Clustering

Common methods faxtractingfiberbundles based on tractography require the mateiarmination

of multiple regions of interestnstead of thisnanualmethod, fiber clustering approachesve been
proposed?>L Fiberclusteringis afully automaticandunguidedmethodthatgroupswhite mattefibers
according to their shape and spatial position, thus avoiding the application of an inflexible geometric
schemet®" 133, The fiber clustering approach uses an algorithm that applies-gepegatedvhole-
brainwhite matteratlas of the entire brain to processed cerebral MRI imagesier to identify sub-
jectspecificwhite mattetracts'®413 The atlasvastrainedusing100 MRI images of healthy subjects
from the Human Connectome Projectd provides a whole brammhite mattemparcellation into 800
fiber clusterst®*. This approachdoesnot require a a priorihypothesisaboutthe location of the pa-
thology, as it is entirely datariven®3®. Recenfiindings have shown that clustering approaches extract
the most consistenthite mattertracts across all subjects compared to multiple-R@dl atlasbased

approache$®.

1.5.2 Previous findings

Neuroimagindindingsin mTBI

Advanced eurdmaging has been widely utilized to stucymmonneuropsychiatric disordens vet-
erans including PTSD and mTBY& 147 In mTBI, severagray matteregions such as the thalamus
148150 hippocampus®®14® putamen*® and insuld®® have shown to be affectelth addition togray
matterfindings in mTBIl,white mattemlterations were observauvarious regionsancludingthecor-

pus callosunt>¥1%6 centrum semioval®?1>3 forceps majot®’, internal capsul&?13 fornix >*and
cingulum bundl€®®. Thesewhite matterchanges are predominantly characterized by reduced FA and
increased MD and AD valugalthough some studies indicatevihtingalterations in diffusion values
108,158 Among the large number of affectadhite matteregions in mTBIthe corpus callosum seems

to be the most commonly impaired structiff® Interestingly sudies have shown thathite matter

microstructureof the corpus callosuns alsoassociated with cognitiveutcome after mTB1°°,

Neuroimaging findings in PTSD

In PTSD, reducedray mattevolume has been found particularlyfiontal andimbic regions!%%161
such asthe anterior cingulate corte’®?163 medial prefrontal corteX®*% hippocampug®3166 or
amygdalat®’. Furthermorestudies have shown thpbsttraumatic stress symptoms in veterares

inversely correlated withmbic gray mattevolumes*®®,
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Consideringwhite matterchanges in PTSCKA decreaseand MD increaseare present in several
regions, such as tlengulum bundle?3%1%° superior longitudinal fascicfé®? corpus callosum’*

and uncinatdascicle’? Further, diffusion measures of thiecinate fasciclavere associated with
anxiety symptoms and amygdala activit§ However, results are even more inconsistent than mTBI
findings, with some studies showing higher FA in the anterior cingulate déttéamporal cortex’*

and higher generalized FA theright frontotemporal pathways8in patients compared to controls.

Neuroimaging findings ikomorbidmTB| andPTSD

The comorbid condition of mTBI and PTS®associated with particularly high risk ofvhite matter
abnormalities'#4+14> One MRI study of OEF/OIF/OND veterans with comorbid PTSD and mTBI
found a reduction in bilateral anterior amygdala volume in the comorbid group compared to veterans
with neither conditionlnterestingly, theeeducedamygdala volume walinked to poorer inhibitory
behavioral controt”™. Further sudies have foundlteredwhite mattemicrostructuren theuncinate
fascicle!’®andCB 1®in veteransvith mTBI and PTSD relative to those with mTBI only. Additionally,
diffusion measures in the bilatetaicinatefasciclewere associated witATSD symptoms’®, indicat-

ing poorer recoverin patients with a comorbid mTBI and PTSD diagnd&is

Moreover, to dateonly one studyhas usedhe more sensitivenethod of freavater imaging to exam-
ine gray mattemlterationsin the context of comorbid mTBI and PTSD. However, the freavater
imaging method has not beesedto assesalterations irwhite mattemicrostructuren patients with
comorbidmTBI and PTSDso far.

laeMot i vati on for this work

The overallaim of this work is to investigataneurgsychological, endocrin@and brain structuradl-
terationsin apopulation ofOEF/OIF/ONDveteransQOur study is intendetb provide a better under-
standingof the complex endocrine and brain structural pathomechanisdeslyingthe variousneu-
ropsychiatrisymptomsn veteranandultimatdy pavethe way for targeted biologlyased treatmesit
Veterans are a highly vulnerable cohort and present with multiple comorbadlites andbeyond the

main diagnoses mTBI and PTSB*1"8 The influence of the various conditions and tlieeraction

has not yet been sufficiently disentangligreforefocusing solely on diagnoses does not capture the
complexity of the cohort.

Against this backgroundhe aim of our first study was to apply a transdiagnostic approach to assess
the overall psychologicahealth of veterans arohk it to neuroendocrine and brain structucalre-

lates.
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As research increasingly points to the importance of neuroendocrine processeseantion with
stressrelatedconditions’®81179:180thjs new and important aspes also part of our research interest.
Based on the previous literaturege examined the hypotheses that

1. Serum neuroactive steroidsepositively associated with psychological functioning

2. Serum neuroactive steroidseassociated with whole brain white matter microstructure

3. White matter microstructurie associated with psychological functioning

4. The associations between serum neuroactive steroids, whole brain white matter microstructure

and psychological functioning are moderated byndiBl andor PTSDdiagnosis
To address these hypothessateof-the-art method®f fiber clustering andreewater imaging were
chosen to obtain an accurate understanding ofvtiite matteralterations in veteran§iven the in-
consistencies of previous imaging studies in vetef&r8& we examind the whole brainwvhite matter

to get a comprehensive picture.

Similar to our first study, our second study di@ows a transdiagnostic approabii focusing on the
common risk factor and associated microstructural pathomechanisms underlying veterans' increased
vulnerability for neuropsychiatric disorde&pecifically, in our second studye hypothesizedhat:

1. War zonerelated stress associated with microstructural alterationshalimbic gray matter

2. Alterations in limbiogray mattemicrostructurearelinked toneuropsychological functioning

3. Associations betweeanmar zonerelated stress and limbgray mattemicrostructurearemodu-

lated by a history of mTBI
To address these hypotlesswe appliedree-waterimaging, as we did in our first study contrast
to our first study, we examined gray matter microstructure, looking specifically at the classic limbic
and paralimbic brain regionsmportantly, studies examining the microstructure of gray matter are
quite rare and enable the detection of previously unnoticed gray matter alterations in veterans.
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| Paper 1

Il 1.1 Background

OEF/OIF/OND veteranare at increased rigkr far-reaching neuropsyciogicalhealthimpairments

after deployment*®2 impeding their social and work reintegratich The predominant diagnoses in
veterans are PTSD and mT8?!8 but a variety of othareuropsychiatridiagnosesre also associ-

ated with war experiencég? These different comorbidities all interact with each other and share a
largenumberof common symptom¥®. However, research has mainly focused on the most common
diagnoses in this cohort, thereby failing to address the complexity of neuropsychological symptom
burden.Thus, there is an urgent need to examine the overall psychological functiowieig@nsat

risk for extensive mental health issues

Regarding the potential factors influencing poor psychological functioningtaransthere is evi-

dence that neuroendocrine dysregulations play an importarit' f8feAs major contributorso neu-
roendocrinological stress regulation, the nagtive steroidALLO and its precursoPREGNE®Y >’

exert many neuroprotective effecend play a critical role in regulating the stressponse
58,68,81.82,86,187 Another way to further investigate the pathophysiological basis of adverse health out-
comes in veterans is to examine brain structure and fun&worthis purposeyiRI is used, and spe-
cifically DTI is sensitive enough to detettbtlemicrostructural changes imhite matter'©8188

Taken together, there is evidence of psychological, neuroendocrine, and structural brain alterations in
veterangt risk for mental health issues and comorbidities. However, previous studies have not linked
the different research fields togetherxaminethe underlying pathomechanisiimsa more compre-
hensive way.

In order to fill this gap, we have chosen a comprehensive approach to investigate potential associations
between neurctivesteroid levels, wholdrainwhite mattemicrostructure, and psychological func-
tioning by using a highly sensitive method. Additionally, effects of mTBI and PTSD on these associ-

ations will be assessed.

Il 1.2 Met hods

We examined 163 subjects in our study, based on data collection by the Injury and Traumatic Stress
(INTRuST) Clinical Consortium aix sites in the United States.
Psychological questionnaires were used to assess the diagnoses of PTS3ndaBbholor drug

addiction and to assess psychological functioning of the participants



30

The questionnaires were collected as part of a comprehensive neuropsychiatric test battery as part of
the INTRuST data collectiofror our study, we included all subjects with both kigiality MRI data

and neuractive steroidneasurements availabl@uantification of the neusxtive steroid&ALLO and
PREGNE was performed in serum.

The subjects’ dMRI sequences were acquired usifgsk scanners (GE 750, General Electric, Chi-
cago, USA; Achieva, Philips Healthcare, Best, Netherlands; Tim Trio, Siemens Healthineers, Erlan-
gen, Germany)The dMRI dataobtained bythe differentscannersvere harmonized using a validated
algorithm to adjust for scannspecific differencesWe performed the fiber clustering method and
extracted subjeetpecific average wholerain FAt valueqFigure 4). Statistical analyses were per-
formed using SPSS, andBanferronicorrected value of <.05 was considered statistically significant.
We performed factor analysis using the AndefRaibin method to derive an underlyipgychological
functioning factor based on the psychological questionn&ezgession models were used to examine
associations between serum newtove steroidevels, psychological functioning, and whole brain
white mattermicrostructure. Moderation models tested the influence of mTBI and comorbid post

traumatic stress disorder (PTSD) and mTBltleese associations.

Figure 4: Whole-Brain White Matter of one participant as modeledhsfiber clustering methotfarted from paper
1

Il 1.3 Resul ts

Psychological functioning
Factor analysis revealemhe underlying psychological functioninigctor based on the selected tests
of psychological symptoms, functional impairment, and heaalidited quality of life.
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Association Between Serum Neuroactive Steroids and Psychological Functioning

We did not detect any association between ALLO or PREGNE and the psychological functioning fac-
tor.

AssociatiorBetween Serum Neuroactive Steroids and WBodén FAt
Serum ALLO was associated witvhole brainFAt. This association was significantly modulated by
acomorbiddiagnosis oPTSD and mTB whereas an mTBI diagnosis alone had no significant effect

on this associatio(Figure 5). However, serunPREGNEwas not significantly associatedth whole

brain FAt
e Total Sample
0.650 e PTSD+mTBI

0.625

0.600

Whole-brain FA+

1 1 I I
200 400 600 800
Allopregnanolone [pg/ml]

o -

Figure 5: Scatter plot illustrating thesaociation between ALLO anghole-brain FAtin the total sampland
themoderating effect of PTSD+mTBI comorbidity onstissociatioridarted from paper 1

Association Between Whelrain FAt and Psychological Functioning
A lowerwhole-brain FAt score wasinkedto poorer psychological functioningn this case, an mTBI

ora comorbidPTSD and mTBtiagnosis did not affect the association

| IDidscussi on

The aim of the study was to examine the relationship between serum levels of neuroactive steroids,
psychological functioning, and whelwain white mattemicrostructure and the additional influence

of mTBI and PTSD on treeassociationsThe three main results are presented belod/summarized

in Figure 6.
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Figure 6: Summary of Finding¥'apted from paper 1

Association Between Serum Neuroactive SteroidPagdhological Functioning

As hypothesizedfactoranalysis revealed that the various psychological dimensions assessed in our
study can be explained mne common facta This finding confirmed that symptoms a@ommon
psychiatric diagnoseim veteransdo not reflect distinct construct8®, but rathersharea common

origin.

However, ontrary to our hypothesis/e did not detect direct associations between serum aeive
sterads and psychological functioninghis result contradicts the majority of previous research, which
has been able to establish a link between raatinge steroidsnd various psychological outcomes
91,92,94,95,1891 194 However, theestudies are not directly comparable to ours due to differences in study

designandafocuson specific facets of psychological functioning

Association Between Serum Neuroactive SteroidsdmaleBrain White Matter

We confirmed an association betwemsnite matter microstructure and psychological functioning.
Thebeneficialeffects of ALLO on white matter may likely be explainednguroprotectiv@processes
179 increasing the integrity of the fiber protecting myelin sheath and axonal density.

In addition to the first result, we also showed thatabgociation between ALLO and white matter

microstructurevas strengthened by a comorbid PTSD and mTBI diagnosis.
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Thisresultdemonstratethat decreased ALLO levetsayhave a more pronounced detrimental impact
on white matter in individuals withbomorbidPTSDand mTBI, compared to individuals with mTBI
only or healthy individuals, which is also supported by various sttitiés.

In contrast to individuals with mTBI onlyndividuals with & additionalPTSD diagnosis tend to have
particularly pronounced stressd traumaelated endcrine dysregulatios) which in turn lead to

strongelimpairments ofvhite matter microstructure.

Association Between WheBrain White MatteMicrostructure and Psychological Functioning

In our study, wdound an association betwedacreaseavhite matter microstructure ampadorerpsy-
chological functioningThis association may be explained bglisruption of myelinated pathways in
thebrain leading to altered white matter connectivity and thus to a functional disruption of networks
involved in emotion regulatioff>1% Ourresult is consistent with the literature, indicatihgt differ-

entneuropsychiatric disordesselinked to white matteimpairmentsn veterang4>176.197.198

Conclusion

This study is a first step towards understanding the structural and functional pathomechavesms in
eransat risk forvarious psychiatric conditiorsnd suggests that by protecting white matter micro-
structure, neuractive steroidsnay have a therapeutic role in the treatment of psggdical symptoms

in veteransFuture research should focus on studying the causal and dynamic relationships between

neuractive steroidswhite matter, and psychological functioning

| BOwrcontri buti on

My contribution to work 1 is composed of the following parts:

Literature research and formulation of working hypotheses, data curation, asseaschstwtistical
analysis of the data, writing the manuscript of the publication, critical revision of the manuscript.

| participated in work 1 agshared first author with Ms. Philine Rojczyk.

Based on an extensive literature review #rglidentification of research gaps, | developed the hy-
potheses of the study. During data preparation, | validated the data sets and checked for completeness

selected subjects with complete data sets, and integrated multiple data sets
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Processing ofhe dMRI data to generate diffusion parameters as well as statistical analysis were ac-
complishedvith consultation and validation from Yorghos Tripodis, Professor of Biostatistics at Bos-
ton University Processing of the dMRI data was also assisted by the Psychiatry Neuroimaging Labor-
atory (PNL) team at Harvard Medical School in Boston.

Thecritical discussion and interpretation of the dataedone in close exchange with PhiliRejzyk.

| wrote themanuscriptogether with Philine Rojzyland critically revised it with the help of several
authors mainly of the cBRAIN team at Ludwilylaximilians-University inMunich.| wrote the first

draft of the manuscripand then focusedn finalizng the introduction and discussion anvhile

Philine Rojzyk wasinvolved in the method and result gith addition, | prepared the paper for sub-
mission and answered the queries in the review prothesntire process from hypothesis generation

to the mmpletion of the manuscripas well as the review procesgas supervised by Prof. Dr. med.

Inga K. Koerte.
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| IPlap2ar

[11.1 Background

There is substantial evidence linking coméghosurdo poor mental health weteranseturning from

war 2191199 |n particular, psychiatridisordersin veterang* andtheir far-reachingconsequences for
social and personal lif8® have been well studietHowever, thepathomechanism behind the high
prevalence of psychiatric disorders in veterans has notsbénently exploredso far.An established
risk factor for the development of psychiatric ilinésghe intense psychological stregsrelation to
combat exposuré’. In addition, veteranwho sustainedramTBI also have aincreased risk of suf-
fering from psychiatric illnesand neurocognitive impairmefir several reason$?°. Nevertheless,
very few studies have focused on the influence ofasaerelated stresen brain structure and func-
tion, and in particular, no validated questionnaires have been apjgla@dover, the impact of an
mTBI diagnosis on the relationship between mn@merelatedstress and brain structure and neuropsy-
chological functioning remains to be elucidated

In particular dMRI, a specific MRI sequence, is able to detect microstruclisahtionsand has been
mainly used tstudywhite mattert®188 Although microstructural white mattatterationshave been
demonstrated in the common neuropsychiatric disorders affecting vet&t&tsstudies on the im-
pact of warzonerelatedstress on white mattenicrostructurearescarce. Notably, the microstructure
of gray matteihas not been studied in this context at all.

Therefore, the aim of this studyasto investigate whether waonerelatedstress is associated with
microstructurahblterationsn gray matteand whether this association is modulatedoynd Bl diag-
nosis. Additionally, weaimed toexaminewhethergray mattecchanges are associated with neuropsy-
chological functioning.

[11.2 Methods

Our study used data from 168 male veteraitls availablehigh-quality MRI& and clinicaldatacol-
lected as part of theRACTS (Translational Research Center for TBI and Stress Disosdeds) The
clinical assessment of this study comprised the assessment of psychiatric d{dtoderisorders,
Substance Use Disordemsnxiety Disorders, Eating Disorderddjustment Disorders)nTBI, war
zonerelatedstress as well agunctionalandneurocognitiveoutcomeusing validated questionnaires.
Study participants were scanned on-d&sla Siemens TIM Trio MRI scanner (Siemens Healthcare,
Erlangen, GermanygndDiffusion MRI were acquired using a singgbot echeplanar sequence with

a twice refocused spiecho pulse
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The average of thifeewater corrected FA measure (FAt) was derif@deight preselected limbic

and paralimbigray matteregions in each hemisphdf regions of interest in totalktatistical anal-

yses were conductedilizing SPSS, and a-palue 0f<0.05 was considered statistically significat.

false discovery rateFDR?*}) of 5% was determined to adjust for multiple comparis@eneralized

linear models (GLM) were applied to assess the link betweenzomerelated stress and diffusion
measuresWe added the number of lifetime mTBIs both as a fixed effect and as a modifier of the main
effect to investigate whether mTBI has an influence on the relationship betwesmeeglated stress
andgray mattediffusion. The diffusion measures that were significantly associated witlzorss
relatedstress were analyzed pdgic to examine the association between these diffuseasureand

functioning.

[11.3 Results

Effects of Waronerelated Stress on LimbiBray MatterDiffusion

We established a negative association betweeatemwar zonerelated stress and FAn the bilateral

cingulate gyri, bilateral orbitofrontal gyri and right parahippocampaliggyks opposed to our first
finding, warzonerelated stress was positively associated wahin the right amygdakhippocampus

complex.

Impact of mTBI on the Associationvadr zoneRelated Stress and Limb@ray MatterDiffusion
The diagnosis of mTBI did not impact the relationship betweerzarsrelated stress and limbgray

matterFAT.

Association of Limbi&Gray MatterDiffusion and Functional Outcome

Decreased FAt in the cingulate and orbitofrontal gyri was related to reduced response inhibition but to
enhanced frontbemporal functions, i.e., verbal shdéerm memory performance and processing
speed. At the opposite, decreabdd in the amygdaldippocampal region was associated with better
response inhibition and impaired performance of verbal 4bort memory and processing spéeid-

ure 7). A link betweenimbic gray mattef=At and neurobehavioral symptorsclinical functioning

could not be confirmed
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I1'1.4 Discussion

Our studydemonstratethat greater wazonerelated stress is related to decredsadin the bilateral
cingulate, bilateral orbitofrontal , and right parahippocampal gyrus. DecréAs@dthe cingulate/or-
bitofrontal gyrus was turnlinked to impaired response inhibition.

In contrast, greater waonerelated stress was associated with higi#erin the amygdalhippocam-
pus complexwhich in turn was related to better shtetm memory and processing spe@d.note,
mTBI did not significantly alter the relationship between n@merelated stress and limbgzay mat-

terstructure.

rzone-related

cingulate gyrus

|

orbitofrontal gyrus

amygdala-hippo. complex

Figure 7: Effects of warzonerelated stress on limbic and paralimbic brain areas and associated cognitive func-
tions adapted from paper 2

War zonerelated Stress and Limbray MatterDiffusion

Our study is one of the rare ones investigating the microstructgraymatterand accordingly, there

has been littleéesearctihat elucidates the pathophysiological basigrafy mattemicrostructural al-
terations However, aeasonablexplanatiorfor theassociation between waonerelated stresand
decrease&ArT in the cingulate, orbitofrontaand right parahippocampal gymmsght bea decrease in
astrocytes® and/orneurons®, which are the major componentsgrfay matter

In contrast, the positive association between higherzomerelated stress arféAr in the amygdala
hippocampus complexight be grounded imeurglasticremodelingprocesses, as indicated by pre-

vious researchs.
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Association between Limbigray MatterDiffusion and Functional Outcome

Increased~Ar in theamygdalahippocampus complex was not only associated with greateromar
related stress but also with better fretémporal brain function3 his may be due to chronic excessive
activation of frontetemporal brain functiomsuch as shoierm memory and processing spétf%,
This overactivation leads to improved functioh fronto-temporal region®y triggering neuroplastic
processes™. A potential clinical manifestation could be, for examplbypervigilant stateand read-
iness to respond, which is an advantageous adaptation mechanism in combatssitudtemnlisad-
vantage if persisting in civilian life.

Furthermoreanassociation between impaired prefrontal/cingulate functions (response inhibition) and
reducedFAT in prefrontal regions was found, which may be due to the phenomenaterdérene.

In this case, thpredominant usef certain brain functions, such as froiéonporal functions, results
in worsefunctioning of other cognitive tasks, such as response inhilBiiGt.

Conclusion
Thefindings indicatehat the adverse health consequencexpériencedvarzonerelated stress may
be attributedto alterationsin limbic gray mattemicrostructureThe importance oéarly preventive

treatmenfor veteranss demonstrated.

[1l. 5 Own contribution

Concerning tls second paper, | contributed to the analyisierpretationand editingof the data.

Based on mextensivditerature review of braialterationsn veteransl provided suggestions for the
analysis andhterpretation of the data

Further | was involved in editinghe manuscriptl read through the manuscript several times, and
provided critical revisions by making suggestions for contbetfiguresas well as formal improve-

mentsthroughout the text was particularly involved in the revision of the introduction.
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| V Original articles

White Matter Microstructure is Associated with Serum Neuroactive
Steroids and Psychological Functioning
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Abstract

Military service members are at increased risk for mental health issues, and comorbidity with mild traumatic
brain injury (mTBI) is common. Largely overlapping symptoms between conditions suggest a shared
pathophysiology. The present work investigates the associations among white matter microstructure, psy-
chological functioning, and serum neuroactive steroids that are part of the stress-response system.
Diffusion-weighted brain imaging was acquired from 163 participants (with and without military affiliation)
and free-water-corrected fractional anisotropy (FA) was extracted. Associations between serum neuroste-
roid levels of allopregnanolone (ALLO) and pregnenolone (PREGNE), psychological functioning, and whole-
brain white matter microstructure were assessed using regression models. Moderation models tested the
effect of mTBI and comorbid post-traumatic stress disorder (PTSD) and mTBI on these associations. ALLO is
associated with whole-brain white matter FA1 (f=0.24, t=3.05, p=0.006). This association is significantly
modulated by PTSD+mTBI comorbidity (f=0.00, t=2.50, p=0.027), although an mTBI diagnosis alone
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did not significantly impact this association (p=0.088). There was no significant association between PRE-
GNE and FA7 (p=0.380). Importantly, lower FA; is associated with poor psychological functioning (f=-0.19,
t=-2.35, p=0.020). This study provides novel insight into a potential common pathophysiological mecha-
nism of neurosteroid dysregulation underlying the high risk for mental health issues in military service
members. Further, comorbidity of PTSD and mTBI may bring the compensatory effects of the brain’s stress
response to their limit. Future research is needed to investigate whether neurosteroid regulation may be a
promising tool for restoring brain health and improving psychological functioning.

Keywords: diffusion tensor imaging; mild traumatic brain injury; military service members; neuroactive steroids;

post-traumatic stress disorder; psychological functioning

Introduction

Military personnel returning from Operation Enduring
Freedom (OEF), Operation Iraqi Freedom (OIF), or
Operation New Dawn (OND) show high rates of health
problems in general'* and mental health problems in par-
ticular.® Post-traumatic stress disorder (PTSD) and mild
traumatic brain injury (mTBI) are the most common diag-
noses and have therefore been described as ‘‘signature
wounds” of military service members.*> Further, comor-
bidity with other mental disorders such as depression, sub-
stance abuse, or anxiety disorder is common.®™ In fact, up
to 30% of veterans™ are diagnosed with a mental disorder
compared with 4-12% among the general population,lO

Importantly, even those service members who do not
meet the diagnostic criteria for a mental disorder are at
risk for experiencing low quality of life and psychological
distress, which may lead to problems in their social and
work life.!"!? The largely overlapping symptoms of vari-
ous psychiatric conditions in veterans, including general
distress, exaggerated startle, sleep disturbances, depressed
mood, anxiety, and impaired social functioning,® suggest a
common underlying pathophysiology.'*!* However, to
date, most research has been focused on specific psychiat-
ric diagnoses according to categorical diagnostic criteria,
neglecting the complexity of comorbidity as well as the
overlap in clinical features across diagnoses."

Given the high overlap of symptoms among various
conditions, a second approach that has become more pop-
ular is to investigate psychosocial functioning on a con-
tinuum.' In fact, there is evidence that impairments in
psychological functioning — the interplay of an individu-
al’s overall mental health, behavior, and social skills'® —
underlies almost all mental disorders,'” suggesting a
shared common pathomechanism.15 Shared underlying
symptom clusters can be identified using factor analysis,
which has been widely used to facilitate the interpreta-
tion of multiple related variables of interest by reducing
multico]linearity,'5'17’19 Summarizing the clinical char-
acteristics of military service members into one common
factor that explains the majority of symptoms could relate
them to objective measures of brain structure and func-
tion, thereby elucidating potentially common pathophys-
iological processes.

A major common feature underlying many psychiatric
conditions is the dysregulation of the stress response sys-
tem®>?' which may explain similar symptom clusters
among various mental disorders. Military service mem-
bers in particular commonly face extended periods of
stress associated with deployment, which activates their
stress response system.”” It is of note here that the neu-
rosteroid allopregnanolone (ALLO) and its precursor
pregnenolone (PREGNE) are involved in the neuroendo-
crinological stress regulation®~° to normalize the hyper-
activation in the hypothalamic—pituitary—adrenal (HPA)
axis.?®® In response to traumatizing stress or brain
trauma, ALLO and PREGNE exert neuroprotective effects
by promoting anti-inflammatory,?>2°~* anti-apoptotic,>***
and pro-myelinating processes.>> Moreover, ALLO binds
to y-aminobutyric acid type A (GABA,) receptors,
which leads to a positive receptor modulation and in-
duces anxiolytic and analgesic effects.?®3¢

Although acute stress stimulates an upregulation of
neuroactive steroids, chronic stress has been shown to re-
sult in downregulation of ALLO levels.>’~** This may be
explained by the fact that GABA receptor sensitivity de-
creases following repeated stress exposure as a result of
excessive neurosteroid binding.*® Therefore, it is possi-
ble that neurosteroid levels are compensatorily downre-
gulated during chronic stress, to restore GABA receptor
sensitivity.36 Indeed, service members with TBL?> PTSD,*
or comorbid mTBI and PTSD*® exhibit decreased neuro-
steroid levels compared with healthy controls. In turn, the
chronic stress-induced decrease in neurosteroid concen-
trations leads to hypersensitivity to new stressors,*>*>#7
dysfunctional behavior,*® memory deficits,* sleep prob-
lems,**? and depressive symptoms,>® thereby perpetu-
ating the endocrine dysregulations.

Although neurosteroid dysregulations have been shown
to lead to poor psychological outcome and impaired behav-
jor, 434347485053 their underlying pathomechanisms remain
largely unknown. There is initial evidence to suggest that
brain structure likely plays a crucial mediatory role between
neurosteroid dysregulation and psychological functioning.
In fact, we recently revealed an association between neuro-
steroid levels and cortical thickness in veterans.*® Addition-
ally, animal studies of neurodegenerative diseases have
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reported an association between increased ALLO levels
with markers of myelin and white matter regeneration.>*
The brain’s white matter may in this way be responsible
for some of the deficits in psychological functioning ob-
served in service members.> Further, dense myelination
is associated with faster signal transmission,”® whereas im-
pairments in myelination have been linked to impaired
stimulus conduction. The latter translates into impair-
ments in psychological functioning, as seen in various
neuropsychiatric disorders.>®

Diffusion-weighted magnetic resonance imaging MRI
(dMRI) has been used to study white matter microstructure
in the most common diagnoses in military service members,
including mTBI and PT SD."% Most dMRI studies report
widespread abnormalities of fractional anisotropy (FA),%”¢®
suggesting demyelination or axonal degeneration.*® How-
ever, the relationship between serum neurosteroid levels
and white matter microstructure and its association with
psychological functioning remains to be elucidated.

The aims of this study are to investigate (1) whether
serum levels of ALLO and PREGNE are associated
with psychological functioning, (2) whether serum levels
of ALLO and PREGNE are associated with white matter
microstructure, and (3) whether changes in white matter
microstructure are associated with psychological func-
tioning. Moreover, we will assess whether these associa-
tions are moderated by the most common diagnoses in
military service members, mTBI and/or PTSD.

Methods

Ethics approval

This study was approved by the institutional review boards
of all involved sites and conducted in accordance with the
Declaration of Helsinki. Written informed consent was
obtained from all study participants before enrollment.

Study design and participants
Participants were recruited as part of the Injury and Trau-
matic Stress (INTRuST) Clinical Consortium (W81XWH-
08-2-0159, intrust.sdsc.edu), which was funded by the
Department of Defense and consists of 10 sites across
the United States. The overarching aim of the consortium
was to improve both understanding and treatment of
PTSD and mTRBI 2345-:46:64.70-75

To be included in the INTRuST study, participants had
to be between 18 and 70 years old and have English as
their primary language. Exclusion criteria were English
as a second language acquired after the age of 5 years;
history of a learning disability; uncontrolled hyperten-
sion; taking more than one antihypertensive medication;
diagnosis of bipolar I disorder, psychotic, delirium, or
dementing disorders; uncontrolled chronic disease; his-
tory of moderate to severe TBI; oral or intramuscular ste-
roid use within the last 4 months; or currently taking
medication affecting brain function (other than psycho-

tropic medications). Exclusion criteria specific to par-
ticipants who underwent MRI included general MRI
contraindications, disorders of the central nervous system
affecting the brain, and pregnancy/lactation.

Study enrollment was open from 2008 to 2013, and a
total of 771 participants (both with and without military
affiliation) were included. Four hundred and twenty-six
participants underwent cranial MRI at 6 of the 10 study
sites. In the present study, we included participants
with both available MRI and serum neurosteroid data,
resulting in a sample of 205 participants. MRI data was
excluded from another 42 participants because of insuffi-
cient MRI data quality, yielding a final sample of 163
participants. Participants were to complete self-report
questionnaires and imaging as well as blood draw within
30 days. The final sample did not differ significantly from
the excluded participants in demographics (age, sex, race,
education, income, employment status), PTSD and mTBI
diagnosis, and psychological functioning (PTSD and
depressive symptoms, insomnia, alcohol and drug use,
functional disability, and health-related quality of life).

Clinical assessments and questionnaires

Assessment of PTSD.  PTSD diagnosis was based on the
Mini-International Neuropsychiatric Interview (MINI)’®
in 22 subjects, the PTSD Checklist (PCL)”” in 21 sub-
jects, the Clinician-Administered PTSD Scale for DSM-
5 (CAPS)"® in 9 subjects, and the Structured Clinical
Interview for DSM-4 (SCID)” in 1 subject.

Assessment of mTBI.  History of mTBI was assessed with
a self-report mTBI screening instrument consisting of three
items assessing (1) past brain injury, (2) immediate loss or
alteration of consciousness or unawareness of the event, and
(3) amnesia before or after the event. The INTRuST mTBI
Screening Instrument was developed following the diag-
nostic criteria by the American Congress of Rehabilitation
Medicine®® and has been used in previous publications of
the INTRuST Clinical Consortium.*®6+717475

Assessment of addiction. Alcohol or drug addiction
was assessed according to the Drug Abuse Screening
Test (DAST-20)®! and the Alcohol Use Identification
Test (AUDIT-10).*?

Assessment of psychological functioning. From the
comprehensive INTRuST Clinical Consortium psycho-
logical test battery, questionnaires assessing psychiatric
symptoms, functional impairment, and health-related
quality of life were chosen in the present study (Table 1).

Neurosteroid quantification

Serum neurosteroid quantifications were performed by
gas chromatography/mass spectrometry (GC/MS) preceded
by high-performance liquid chromatography (HPLC) as
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Table 1. Psychological Functioning

PCL-C  Assessing the presence and severity of post-traumatic stress
disorder (PTSD) symptoms within the last month

PHQ-9  Assessing depressive symptoms

BSI-18  Assessing psychological distress

ISI Assessing nature, severity, and impact of insomnia

SDS Assessing functional impairment in work, social and family life

SF-12 Assessing health-related quality of life

PCL-C, PTSD Checklist Civilian;*> PHQ-9, 9-Item Patient Health Ques-
tionnaire;** BSI-18, Brief Symptom Inventory;®> ISI, Insomnia Severity
Index;*® SDS, Sheehan Disability Scale;*” SF-12, Short Form Health Survey.™®

reported elsewhere.*® Neurosteroids were run in one
batch and quantified blind to condition. Serum samples
had been frozen between 6 and 42 months prior to neuro-
steroid quantification. One milliliter of serum was
extracted three times in ethyl acetate prior to HPLC pu-
rification using tetrahydrofuran, ethanol, and hexane in
the mobile phase. Heptafluorobutyric acid anhydride
(HFBA) was used to derivatize the samples. The samples
were injected onto an Agilent 5973 MS coupled to an
Agilent 6890N GC equipped with an Agilent HP-5SMS
30mx0.250mm x 0.25 um capillary column, and ana-
lyzed in the positive ion-electron impact ionization
mode with helium as the carrier gas. The definitive struc-
tural identification of each neurosteroid was provided
by both its GC/MS retention time and unique mass frag-
mentation pattern. MS single ion monitoring was used to
focus on the most abundant ion fragment for each HFBA
derivative (ALLO 496.2, PREGNE 298.2). Twenty per-
cent of serum samples were run in duplicate. Intra-
assay coefficients of variation were 4.4% for ALLO
and 2.0% for PREGNE. The inter-assay coefficient of
variation (CV) for batch-to-batch runs was 14.0% for
ALLO and 13.9% for PREGNE. Deuterated internal stan-
dards were utilized: D4-allopregnanolone for ALLO and
D4-pregnenolonenolone for PREGNE.

A constant amount of deuterated internal standard
was combined with varying known quantities of steroids
(Steraloids) to prepare the standard curve for the steroid
of interest. Identical to the experimental samples, each
standard curve sample was extracted three times in
ethyl acetate prior to HPLC purification and GC/MS in-
jection; standard curve #=0.99 for each neurosteroid.
The area under the peak of a known quantity of each ste-
roid was divided by the area under the peak of the internal
standard. The resulting ratio was plotted on the y-axis
against known quantities of each steroid, generating a
standard curve. Only integrated peaks with a signal-
to-noise ratio >5:1 were integrated. The limit of neuro-
steroid quantification with this methodology is 1pg for
ALLO and PREGNE (femtomolar sensitivity).

MRI

Image acquisition. The current study used dMRI
sequences acquired on three different types of 3-Tesla

Table 2. Acquisition Parameters for Diffusion-Weighted
Magnetic Resonance Imaging (AMRI)

GE Siemens Philips
Orientation Axial Axial Axial
Phase encoding direction Left/right Anterior/ Posterior/

posterior anterior

Field of view (in mm) 256 256 256
TE 83ms 87ms 73 ms
TR 10s 10s 10sec
Number of directions 64 64 64
b-value 900 900 900
Number of b0 7 7 7
Resolution matrix 128x128 128x128 128x128
Voxel size (in mmg) 2x2x2 2x2x2 2x2x2
Number of slices 73 73 73
Acquisition time (in min) 14:40 14:08 14:21

Multi-site study; dMRI data acquisition on Tim Trio, Siemens Healthi-
neers, Erlangen, Germany; GE 750, GE Healthcare, Chicago, IL, USA;
Achieva, Philips Healthcare, Best, The Netherlands.

TE, echo time; TR, repetition time.

scanners (Tim Trio, Siemens Healthineers, Erlangen,
Germany; GE 750, GE Healthcare, Chicago, IL, USA;
or Achieva, Philips Healthcare, Best, The Netherlands)
at 6 out of the 10 INTRuST acquisition sites (for imaging
sequence details for each MRI system see Table 2).

Image processing. Image harmonization and pre-
processing. Data harmonization is indispensable when
attempting to accurately analyze a large data sample ac-
quired through different types of MRI scanners. There-
fore, dMRI data were harmonized across the six data
acquisition sites using a validated harmonization al-
gorithm.”> The harmonization approach accounts for
scanner-specific differences such as spatial variability
of the diffusion signal in different brain areas, while at
the same time, the inter-subject variability is maintained
at each site and scanner.”® Pre-processing of the harmo-
nized dMRI data was performed using scripts of our in-
house image processing pipeline (https://github.com/
pnlbwh/pnlutil/blob/master/pipeline/README.md).
First, the images were axis-aligned, centered, and motion-
corrected. Next, eddy current correction was applied with an
affine registration of each gradient-weighted image to the
baseline using FMRIB Software Library, version 5.1 (FSL;
The Oxford Centre for Functional MRI of the Brain,
Oxford, UK; http:/fsl.fmrib.ox.ac.uk). Images were visu-
ally inspected for artifacts, such as motion artifacts, ringing,
or ghosting of the skull or eyeballs, using 3D Slicer (version
4.5, http://www.slicer.org),xg leading to the exclusion of 42
participants. Diffusion masks covering the entire brain were
created from the dMRI data and manually corrected in
3D Slicer where necessary (e.g., in case of incomplete
coverage of the brain) by a trained PhD level researcher.

White matter fiber clustering. White matter fiber clus-
tering was conducted according to an open-source
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pipeline of the whitematteranalysis software (https://
github.com/SlicerDMRI/whitematteranalysis). The white
matter fiber clustering groups fibers according to their
anatomical shape and spatial position and extracts a large
number of fiber tracts from the entire brain. This is a
major advantage over previous automated fiber tracking
approaches, which are limited to the extraction of only
the major fiber tracts, thereby failing to cover the entire
brain’s white matter (including the cerebellum, brain-
stem, and superficial tracts).”

The white matter fiber clustering bases the white mat-
ter parcellation of each subject on a pre-provided fiber
clustering atlas: a neuroanatomist-curated set of tracts
covering the white matter (http://dmri.slicer.org/atlases/).90
First, unscented Kalman filter (UKF) tractography (https://
github.com/pnlbwh/ukftractography)®! was performed in
all subjects using established fiber tracking parameters as
follows. Fiber tracking was seeded in all voxels within
the brain mask where FA was >0.18 (default). Tracking
stopped in voxels where the FA value fell <0.15 (default)
or the sum of the normalized signal across all gradient
directions fell <0.1 (default) (a parameter to distinguish
between white/gray matter and cerebrospinal fluid [CSF]
regions). In addition to these major parameters, the UKF
method uses other parameters to fine tune the fiber
tracking result, including: Qm to control process noise
for angles/direction, QI to control process noise for ei-
genvalues, and Rs to control for expected noise in the
diffusion signal. These three parameters were well ad-
justed according to the dMRI data properties under study
and set to 70, 0.001, and 0.015, respectively. Visual and
quantitative quality control of the generated tractography
data for all subjects under study was performed using
a semi-automated quality control tool in the white-
matteranalysis software (https://github.com/SlicerDMRI/
whitematteranalysis).

Next, each subject’s tractography was registered with
the pre-provided atlas tractography. By following up
with this step we were able to largely reduce the known
tractography issue of false-positive tracking.”® False-
positive fiber tracking is a contributing factor affecting
white matter parcellation reproducibility.”? With our ap-
proach, false positive fibers in the atlas have been anno-
tated and rejected via expert judgment.”® Usage of the
atlas therefore can ameliorate potential subject-specific
false-positive fibers that are inconsistent with respect
to known neuroanatomical knowledge. In this study,
subject-specific fibers that had improbable fiber geomet-
ric trajectories were automatically removed.

For each subject, we performed atlas-based white mat-
ter parcellationgo’%‘94 using a robust machine learning
approach that has been shown to consistently identify
white matter tracts across the full human lifespan, across
health conditions including brain tumors, and across dif-
ferent image acquisitions.”® This approach produces con-

sistent tracts across subjects,95 is reproducible in test-

retest data sets”® and is robust to anatomical variability.”*
The approach has also been employed for quantitative
tractography analyses’’ in many recent studies.”®10°
Subject-specific anatomical fiber tract identification
was conducted for both hemispheres by linking the regis-
tered tractography to the annotated atlas clusters for each
tract. Fiber tracts of the entire brain (Fig. 1) were com-
bined into one whole-brain white matter variable, given
that we aimed to investigate global white matter effects
in association with neuroactive steroids and psychologi-
cal functioning and did not specify hypothesis for indi-
vidual tracts. A quantitative quality assessment of the
number of streamlines (NoS) and FA was performed to
make sure that there were not individual subjects with
outlier values. A visual quality assessment of each
subject’s whole-brain white matter tracts was also per-
formed to ensure anatomical correctness. These qual-
ity check processes follow best practices in recent
studies.”®102106-109 AJ] data passed quality checks.

Diffusion parameter extraction. Diffusivity of the
extracted whole-brain white matter tracts was calculated
and corrected for the relative contribution of extracellular
free water in each voxel using free-water modeling.“0
The resulting diffusivity represents the tissue compart-
ment in each voxel from which the tissue’s free-water-
corrected FA (FArigue, 1.€., FA1) was calculated.
Compared with FA, FAr serves as a more accurate
marker for cellular white matter microstructure that is
less susceptible to partial volume effects with CSF, and
is thus more sensitive to the degree of myelinization of
fiber tracts, axonal density, and fiber orientation.'!" Subject-
specific average whole-brain FAr values were extracted
from the whole brain’s white matter fiber clustering output.

Statistical analysis

SPSS software (version 25.0; IBM Statistics for Mac,
Armonk, NY, USA) was used for all statistical analyses.
A Bonferroni-corrected p value of <0.05 was considered
statistically significant.

Psychological functioning

Given the variety of psychological symptoms among vet-
erans, we investigated whether a common psychological
functioning construct was underlying the different psy-
chological dimensions present in the current sample
(assessed with the questionnaires presented in Table 1).
A factor analysis using the Anderson—Rubin method to
extract one or more underlying psychological functioning
factors was performed. Varimax rotation was applied to
ensure the orthogonality of the estimated factors. Only
factors with an eigenvalue >1 were extracted. The as-
sumptions for the conduction of a factor analysis were in-
vestigated using Bartlett’s tests of sphericity.
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