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Discussion 
Scope of the !esis

Internalizing disorders like anxiety and depressive disorders are prevalent, highly disabling and o!en 
comorbid with other internalizing disorders [1-3]. Internalizing disorders usually start in a crucial 
transitional period in life: adolescence. Previous research on adolescents with internalizing disorders has 
shown changes in functional and structural connectivity within and between brain regions involved in 
emotion processing, such as the amygdala and other parts of the limbic system, as well as in regulatory 
regions like the prefrontal cortices [4-6]. However, longitudinal investigations of changes in brain 
connectivity are lacking. 

One of the most incapacitating and prevalent internalizing disorders is social anxiety disorder (SAD), 
a crippling fear of scrutinization by others which can lead to experiencing social situations with intense 
fear or avoidance of social situations [7]. Alterations in white matter microstructure and functional 
connectivity have been reported in a few studies on adults with SAD and a heritable base has been 
reported [8-10]. Considering these characteristics, SAD provides an ideal model to use innovative 
research approaches in order to study adolescent internalizing disorders from a new perspective. 

Building on current expertise, the objective of this thesis was to expand knowledge of neurobiological 
networks underlying anxiety and depression in adolescents by investigating structural and functional 
connectivity of the brain. Two aims were addressed throughout this thesis. #e "rst aim was to investigate 
longitudinal changes in structural and functional brain connectivity in adolescents with internalizing 
disorders. #e second aim was to deepen our understanding of white matter microstructure in SAD, 
examining vulnerability factors to develop SAD and structural alterations in the largest cohort to date. 
In the following sections, I discuss the results from our studies, o%er general re$ections and propose 
directions for future research.

Part 1: Changes in brain networks over time in internalizing disorders 

In the "rst part of this thesis (Chapters 2 and 3) we explored longitudinal changes in white matter 
microstructure and resting-state functional connectivity (RSFC) in adolescents with internalizing 
disorders and their healthy peers over the course of three months, using data from the Emotional 
Pathways’ Imaging Study in Clinical Adolescents (EPISCA). EPISCA is a longitudinal study designed to 
investigate neurobiological mechanisms related to emotion processing and regulation in a clinical cohort 
of adolescents with stress-related psychopathology. Measurements were taken at baseline, a!er three 
months and at six months. #e study consisted of three groups: adolescents with internalizing (depressive 
and anxiety) disorders, adolescents with trauma disorders and a healthy control group. Participants 
received care-as-usual and were followed over the course of six months without study interventions, thus 
re$ecting real world development of brain networks in a clinically heterogeneous group as closely as 
possible. Results of the neuroimaging measurements at baseline have been previously reported [11-15]. 
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In the studies in this thesis, only data from the internalizing group and the healthy control group on 
baseline and a!er three months were used, as loss to follow-up was too great a!er six months. We 
investigated changes in RSFC and white matter microstructure between groups over time. In addition, we 
explored whether functional and structural connectivity changed over time within the patient group and 
if these changes were associated with symptom severity. In summary, we found that development of white 
matter microstructure did not di%er between groups or within the patient group. However, associations 
between baseline white matter microstructure and symptom severity were found (Chapter 2). With 
regard to functional connectivity, the groups di%ered in RSFC development over time, speci"cally in 
development of the laterobasal amygdala (LBA), a subsection of the amygdala, to frontal regions and 
to the postcentral gyrus. Moreover, in the patient group, associations between changes in LBA RSFC 
and symptom change were demonstrated (Chapter 3). In conclusion, adolescents with internalizing 
disorders showed di%erent functional connectivity of the LBA compared to healthy peers, but they did 
not di%er from healthy peers in development of white matter microstructure. To better understand these 
"ndings, I will discuss each study in detail, beginning with the investigation of structural connectivity 
changes over time.

Longitudinal analysis of structural connectivity

In Chapter 2, we focused on longitudinal changes in white matter microstructure in adolescents with 
internalizing disorders compared to healthy peers. No previous reports existed regarding longitudinal 
changes in white matter microstructure in adolescents with internalizing disorders. Only a few cross-
sectional studies have been conducted in adolescent depression and only one has addressed adolescent 
anxiety [11, 16-19]. In all studies, lower fractional anisotropy (FA) in several tracts was found in 
adolescents with depression or generalized anxiety disorder when compared to healthy peers, such as 
in the bilateral uncinate fasciculus (UF), cingulum and corpus callosum [11, 17-20]. #ese tracts are 
thought, among others, to be involved in regulation of and communication within and between regions 
of the corticolimbic network [21, 22]. #us, although inconclusive, previous results point to changes in 
structural connectivity in adolescents with internalizing disorders. #erefore, we hypothesized that FA 
development would be di%erent in adolescents with internalizing disorders compared to healthy control 
participants, mainly in regions previously implied in emotion processing, such as the cingulum, UF and 
corpus callosum. 

We explored longitudinal changes in white matter microstructure between the patient group (n = 22) 
and their healthy peers (n = 21), as re$ected by group x time interactions. In addition, we investigated 
associations with symptom changes within the group of adolescents with internalizing disorders. Using 
tract-based spatial statistics (TBSS), we investigated structural connectivity of three tracts of interest 
(TOI) based on previous literature: the UF, corpus callosum and cingulum. Furthermore, we performed 
exploratory whole-brain voxelwise analyses. 

Our analyses did not reveal di%erences in white matter microstructure between patients and controls. 
However, within the patient group, voxelwise whole-brain analyses revealed that lower baseline FA in 
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the right cingulum and posterior corona radiata was associated with a higher decrease of depressive 
symptoms over the course of three months. #e corona radiata and cingulum play signi"cant roles in 
various psychiatric conditions, including depression and anxiety, due to their involvement in emotional 
regulation and the limbic-thalamo-cortical circuitry. #e corona radiata, encompassing among others the 
superior corona radiata (SCR) and posterior corona radiata (PCR), has been linked to psychopathology. 
For instance, reduced FA in the SCR is associated with a higher risk of psychopathology in adolescents 
with a family history of mental disorders [23]. Functional and structural connections of the PCR to the 
DMN and emotional regulation systems [24, 25] suggest relevance to internalizing disorders, although 
its precise contribution to adolescent depression and anxiety remains unclear. Similarly, the cingulum, 
involved in emotional regulation and communication within the limbic system [21, 24], shows reduced 
FA in adolescents with depression [18, 20] and delayed myelin maturation which is linked to anxiety [26, 
27]. #ese "ndings suggest that the PCR and cingulum might contribute to emotional dysregulation, 
potentially in$uencing the development of internalizing disorders, though the exact nature and 
directionality of these microstructural changes require further investigation [28, 29]. Complementing 
these "ndings on structural connectivity, our examination of functional connectivity revealed more 
pronounced group di%erences.

Longitudinal analysis of functional connectivity

In Chapter 3, we described a study investigating RSFC of multiple amygdala subregions and connectivity 
within whole-brain resting-state networks. Several previous studies have revealed cross-sectional and 
longitudinal changes in RSFC in adolescents with internalizing disorders, for example in amygdala 
connectivity and resting-state networks. 

Previous studies on longitudinal changes in RSFC in adolescent depression have revealed alterations 
over time in functional connectivity of regions involved in emotion processing, mainly in the amygdala 
[30-36]. Moreover, associations with changes in symptom severity were reported [32, 36]. Furthermore, 
alterations in resting-state networks such as the DMN have been reported in cross-sectional studies in 
depressed adolescents and anxious adults [37-39]. Recent studies have shown that amygdala subregions, 
being the LBA and centromedial amygdala (CMA), contribute to di%erent aspects of emotion processing. 
It is thought that the LBA is involved in regulation and perception of fear, while the CMA is mainly 
concerned with acute stress reactions [40, 41]. However, the role of amygdala subregions and resting-
state networks in mental disorders had yet to be elucidated. Moreover, previous longitudinal studies 
on RSFC in adolescent internalizing disorders have used standardized treatment protocols. In practice, 
treatment is o!en personalized, adjusted to the level of emotional and cognitive development and in 
collaboration with family [42-44]. 

In this study, we used rs-fMRI data of EPISCA to investigate longitudinal changes in RSFC in a 
clinically representative sample of adolescents with internalizing disorders and healthy peers. Similar 
to the methods described in Chapter 2, participants were scanned at baseline and a!er three months 
while patients received care-as-usual. Building on previous "ndings, we hypothesized di%erences over 
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time between the groups in RSFC, particularly in regions involved in emotion processing, such as limbic 
structures, and regions involved in emotion regulation, like frontal regions. We explored longitudinal 
changes in RSFC by combining two analysis strategies that complement each other. #e "rst strategy 
was investigation of connectivity of amygdala subregions, being the LBA and CMA, to the rest of the 
brain, using seed-based analyses. For the second strategy we applied independent component analysis 
(ICA) to detect resting-state networks. Subsequently, we explored changes within these networks, being 
the default mode, dorsal attention, frontoparietal (separated in a le! and right component), executive 
control, salience and a%ective network. We explored group x time interactions between adolescents with 
internalizing disorders (n = 23) and healthy controls (n = 24). Further, we investigated associations with 
symptom changes within the patient group. 

We found signi"cant group x time interactions of the right LBA to the postcentral gyrus and of the 
le! LBA to the frontal pole, re$ecting di%erences in RSFC development between adolescents with 
internalizing disorders and healthy peers. Within adolescents with internalizing disorders, RSFC to the 
frontal pole and to the postcentral gyrus changed over time, while no changes were observed in the 
control group. Further analyses within the patient group revealed that changes in RSFC of the right LBA 
were also linked to changes in internalizing symptoms. #ere were no signi"cant group x time interactions 
when considering RSFC from CMA bilateral seeds or within ICA derived networks. Our results suggest 
divergent longitudinal development of RSFC from bilateral LBA subregions, which might be associated 
with symptom changes. Furthermore, our "ndings underscore the importance to investigate amygdala 
subregions as results were speci"cally located in FC of the LBA, a subregion connected to, among others, 
frontal regions. In contrast, analyses on FC of the CMA, mainly connected to the brainstem nuclei that 
generate behavioral and visceral correlates of acute stress-reactions [40, 45, 46], and post-hoc analyses on 
FC of the whole amygdala did not reveal any signi"cant interactions. 

General re#ections on part 1

Taken together, the studies described in Chapter 2 and Chapter 3 show that functional connectivity of 
the bilateral LBA diverged in adolescents with internalizing disorders from healthy peers, as re$ected by 
signi"cant group x time interactions, while our data did not support deviant development of structural 
connectivity. In addition, associations between symptom change and changes in both structural and 
functional connectivity were found within the patient group. #ese results potentially re$ect nonspeci"c 
treatment e%ects, but could also indicate natural recovery over time, the in$uence of unmeasured informal 
interventions within care-as-usual, or compensatory brain mechanisms where the brain reorganizes its 
connectivity to adapt to symptom $uctuations. 

It seems logical that we found changes in functional, but not structural connectivity. Functional 
connectivity, as re$ected by RSFC, is a relatively dynamic and $exible process. Structural connectivity, 
on the other hand, is a slower process. Changes in functional connectivity have been reported within 12 
– 24 weeks [32, 47], while development of white matter tracts usually takes years, depending on the tract 
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[48, 49]. As far as I am aware, no longitudinal studies on adolescent white matter microstructure have 
been conducted with relatively short timeframe of weeks to months. 

#ese studies are innovative in several ways. First, we are among the "rst to investigate longitudinal 
neurobiological changes in a clinical population with internalizing disorders receiving treatment as 
usual and a healthy control group. Speci"cally, our study on white matter microstructure was the "rst to 
investigate these longitudinal changes in adolescents with internalizing disorders. Second, we were the 
"rst to investigate longitudinal changes in RSFC in subregions of the amygdala and data-driven resting-
state networks in this population. A novel "nding was that changes in RSFC were only present in the 
network originating from the LBA, not the CMA. #ird, we found associations between changes in 
symptoms and changes in both functional and structural connectivity. 

However, it should be noted that the studies conducted in this thesis used a relatively small sample size, 
a relatively short study duration of three months and just two study measurements. Moreover, we were 
only able to use data from baseline and a!er three months, as loss-to-follow up was too great a!er six 
months (loss-to-follow-up a!er three months: 16%, loss-to-follow-up a!er six months: 24%). #erefore, 
subtle e%ects might have been overlooked due to small sample size, too little intervals or they might not 
yet be present in too short a timeframe. 

Because we are among the "rst to investigate longitudinal changes in the brain in adolescents with 
internalizing disorders, future studies are needed to determine whether and to what degree our results 
can be replicated. For example, further investigations should consider longitudinal investigations in 
white matter microstructure in other tracts and continue investigation of whole-brain resting-state 
networks. Ideally, this would be in a larger study population over a longer period of time. #e inability 
to utilize the six-month data is a waste of resources given the substantial investment in data collection. It 
would be worthwhile to increase sample size, as with a higher number of participants the data of the total 
sample might still be useful despite a relatively high number of dropout. 

Concluding, our "ndings contribute to an increased understanding of underlying brain networks in 
adolescent internalizing disorders and warrant further exploration of longitudinal changes in structural 
and functional connectivity. 

Part 2: Structural connectivity in social anxiety disorder 

#e second part of this thesis (Chapter 4 and 5) aimed to deepen our understanding of involvement of 
white matter microstructure in SAD. SAD is one of the most prevalent and incapacitating psychiatric 
disorders [50-52]. It usually starts in late childhood or early adolescence and has a high comorbidity, 
mostly with other internalizing disorders [51, 53]. Previous studies have attempted to identify 
neurobiological factors underlying SAD by investigating structural and functional connectivity. Lower 
FA has been reported in patients with SAD compared to healthy controls in regions involved in 
emotion processing and emotion control, like the UF and the superior longitudinal fasciculus (SLF) [8]. 
Furthermore, changes in functional brain networks and a heritable basis for SAD have been reported [9, 
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54]. Despite previous e%orts, studies have not led to concluding "ndings about underlying neurobiology 
involved in this disorder thus far. It remains unclear whether changes in structural connectivity are linked 
to genetic vulnerability or whether changes in structural connectivity are present over the lifespan. 

SAD serves as an excellent model disorder for implementing innovative methodological approaches 
to examine neurobiological mechanisms underlying adolescent internalizing psychopathology. In this 
thesis, I have applied two research methods to investigate white matter microstructure in SAD. First, 
we used a family study design to investigate whether changes in white matter might be candidate 
endophenotypes of SAD. An endophenotype is a measurable, heritable trait that is found in individuals 
with a certain disorder and their una%ected relatives, serving as a biological marker for genetic risk [55]. 
Second, we conducted a mega-analysis in the largest dataset of white matter parameters in SAD to date 
to investigate di%erences between patients with SAD and healthy controls in a large age group (age 8 – 
65 years) in 25 white matter tracts, covering the majority of the brain. 

In the family study in Chapter 4, we found that increased FA in the bilateral SLF co-segregated with social 
anxiety symptoms, and con"rmed that all studied white matter characteristics were at least moderately 
heritable. #is suggests that alterations in the bilateral SLF could be candidate endophenotypes for SAD. 
Next, the mega-analysis in Chapter 5 revealed several novel "ndings: individuals with SAD, particularly 
adults, showed lower FA in tracts like the corpus callosum and fornix; there were widespread sex-by-
diagnosis and age-by-diagnosis interactions; and the pattern of these "ndings overlapped with those 
from other psychiatric disorders, suggesting transdiagnostic neurobiological features. In conclusion, 
we found several alterations in white matter microstructure in patients with SAD, revealing candidate 
endophenotypes and di%erences in white matter microstructure in SAD patients. I will discuss each 
study in more detail below. 

Candidate endophenotypes of SAD

In Chapter 4, we explored changes in white matter microstructure in families selected based on a high 
genetic risk for SAD to investigate candidate endophenotypes of SAD by using data from the Leiden 
Family Lab on Social Anxiety Disorder (LFLSAD). An endophenotype has to be associated with the 
disorder (criterion 1), be state-independent (criterion 2), heritable (criterion 3) and has to co-segregate 
with the disorder within families of probands while already present in a preclinical state (criterion 4) 
[55-58]. #e LFLSAD is the "rst comprehensive two-generation family neuroimaging study on SAD. 
It has been designed speci"cally to examine the heritability and "rst part of the co-segregation criteria 
of candidate endophenotypes of SAD [59]. Other results of this study have been published already 
[60-64]. In previous work, white matter characteristics were found to be moderately heritable and 
changes in white matter microstructure were reported in SAD [8, 65]. #is combination of heritability 
(endophenotype criterion 3) and association with the disorder (endophenotype criterion 1) makes 
white matter characteristics promising candidate endophenotypes for SAD. However, the criterion of 
co-segregation within families of probands (criterion 4, "rst element) has not been examined yet. In this 
study, we investigated associations with social anxiety symptoms and heritability of three a priori selected 
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TOIs, being the UF, SLF and ILF, in a cross-sectional family study design. We expected to "nd a negative 
association between the level of social anxiety symptoms and FA in the UF, SLF and ILF. Furthermore, 
we expected estimates of all WM parameters to be at least moderately heritable. 

Using TBSS, two analyses were conducted to investigate associatons between FA and social anxiety 
symptoms. First, we employed a voxelwise analysis and an analysis of the averaged values of WM 
parameters over the whole TOI. In addition, we performed an exploratory voxelwise analysis of the 
whole WM skeleton to investigate WM microstructure outside the a-priori de"ned regions. Finally, 
general heritability of white matter parameters was estimated.

Results showed that increased FA in the le! and right SLF co-segregated with symptoms of social 
anxiety, as re$ected by  a positive correlation. Speci"cally, voxelwise analyses revealed that results were 
located in the SLF II. Furthermore, all investigated characteristics of white matter microstructure were 
at least moderately heritable. 

#e SLF II is the major part of the SLF and is mostly concerned with visuospatial attention and 
processing. Structurally it connects the caudal part of the inferior parietal lobule (IPL) and intraparietal 
sulcus with the posterior part of the prefrontal cortices. Functionally, the SLF II is thought to connect 
the parietal part of the ventral attention network with the prefrontal component of the dorsal attention 
network and is involved in the DMN [21, 22, 66-71]. Interestingly, our "ndings are in contrast with 
previous literature, which reported lower FA speci"cally in the SLF III in patients with SAD compared 
to healthy controls [72-74]. #ese con$icting results will be examined more thoroughly in the general 
discussion section of part 2, also incorporating the "ndings described in Chapter 5.

In sum, these "ndings suggest that alterations in white matter microstructure in the bilateral SLF could 
be candidate endophenotypes of SAD as they co-segregated within families genetically vulnerable for 
SAD and are heritable. However, longitudinal studies are needed to investigate state-independency. 
To complement this family-based approach and examine structural connectivity related to SAD in a 
large cohort, we next conducted a large-scale mega-analysis within the framework of the Enhancing 
NeuroImaging Genetics through Meta-Analysis (ENIGMA)-Anxiety Working Group.

Mega-analysis of white matter microstructure in SAD

As described in Chapter 5, the ENIGMA-Anxiety framework was used to explore changes in white 
matter microstructure in patients with SAD and healthy control participants in a mega-analysis. 
White matter microstructure is known to develop well into the third decade of life with a peak mostly 
in adolescence [75]. Previous studies on white matter di%erences in SAD yielded inconclusive results, 
probably at least partly due to a limited number of studies which used small sample sizes and were largely 
conducted in adults [8]. #us, this study addressed the knowledge gap on structural connectivity in SAD 
over the ages by investigating changes in white matter microstructure in a large cohort spanning a wide 
age range (8 – 65 years). We expected to "nd di%erences in FA between patients with SAD and healthy 
control participants, as well as age-speci"c alterations in adults and adolescents. 
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Data from 12 research samples worldwide (n = 2104) was combined to investigate white matter 
microstructure in 25 regions of interest in a pre-registered mega-analysis. We compared white matter 
microstructure data from patients with SAD (n = 487) to healthy controls (n = 1604) and investigated 
interactions with sex and age. Furthermore, sensitivity analyses were applied to investigate the role of 
comorbidity, medication and associations with clinical symptoms. Following analyses in the full sample, 
separate analyses were performed in adult (> 21 years old) and adolescent samples (* 21 years old). 

We reported several novel "ndings. First, patients (full sample) showed lower FA in several tracts, 
such as the corpus callosum and fornix, when compared to healthy controls. #is pattern persisted 
throughout several sensitivity analyses and was replicated in the adult sample. Second, widespread sex-
by-diagnosis interactions across the brain were observed across the full sample. #ird, several age-by-
diagnosis interactions were found in the full sample and in the adolescent sample. Fourth, the regions 
and direction of results correlated with those reported in previous ENIGMA DTI studies on major 
depressive disorder, bipolar disorder and schizophrenia [76-78]. Interestingly, our "ndings were not 
found in previous studies on white matter microstructure in SAD. #ese studies reported lower FA in 
other regions, such as the UF. Yet, as reviewed by Parsaei et al, previous studies on SAD investigated a 
limited number of regions in small cohorts with limited age ranges [8], which might explain why the 
main results were not reported previously. In contrast, the wide age range and comprehensive tract 
coverage in our study may have reduced sensitivity to alterations restricted to more narrowly de"ned 
populations, particularly as such e%ects might only survive the less stringent correction for multiple 
comparisons used in regionally focused analyses. Our "ndings suggest that some neurobiological changes 
in white matter tracts in individuals with SAD might be part of broader transdiagnostic neurobiological 
features underlying psychopathology. However, future studies are needed to con"rm this hypothesis. 

General re#ections on part 2

In conclusion, the studies in Chapter 4 and 5 investigated structural connectivity in SAD using two 
innovative designs. We have conducted the "rst family-study to explore whether changes in white matter 
microstructure could be candidate endophenotypes of SAD and performed the "rst mega-analysis of 
white matter microstructure in SAD. #ese studies have led to several novel "ndings. First, we found 
evidence that microstructural changes in the SLF might be promising candidate endophenotypes of 
SAD. Second, mega-analyses within the largest composed dataset to date showed that patients with 
SAD have lower FA compared to healthy controls in several white matter tracts. Moreover, lower FA 
in the corpus callosum and fornix might be indicative of transdiagnostic neurobiological changes, as 
correlations were found with patterns of white matter alterations previously demonstrated in patients 
with schizophrenia, major depressive disorder and bipolar disorder [76-78]. #ird, we found widespread 
sex-by-diagnosis interactions across the brain which have been described only in selected tracts previously 
[79, 80]. 

Surprisingly, results on structural connectivity from our studies in the second part of this thesis 
(Chapter 4 and 5) did not coincide but were contradictory. It is puzzling that increased FA in the 
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SLF co-segregated with symptoms of social anxiety (representing a positive correlation) in the study in 
Chapter 4, whereas patients with SAD had lower FA in the SLF compared to healthy controls in the 
study in Chapter 5. It should be noted that this result did not remain signi"cant a!er correction for 
multiple comparisons. In these paragraphs, I will discuss several di%erences between these studies and 
propose multiple hypotheses. #e "rst di%erence lies in the selection of tracts and study populations. We 
investigated three a priori selected TOIs, being the SLF, UF and ILF, in families selected based on a high 
genetic risk for SAD (Chapter 4) and used a case-control design to explore 25 TOIs in a mega-analysis 
in Chapter 5. #e family study might be more sensitive to detect subtle genetic in$uences or preclinical 
states which are not captured in a broad case-control design like the mega-analysis, although this does 
not account directly for contradictory "ndings on increased and decreased FA. #e second di%erence 
is found in the way white matter microstructure was investigated. Although both studies investigated 
white matter microstructure using TBSS, we also investigated voxelwise changes in the family study. #is 
revealed higher FA in a speci"c subregion of the SLF, being a cluster within the SLF II. As we investigated 
averaged FA over the bilateral SLF in Chapter 5, we may have missed subtle regional FA alterations 
within the SLF in patients with SAD. Speci"cally, we cautiously hypothesize that while overall FA might 
be reduced across the entire SLF, a localized increase in FA could exist within the SLF II. Such subtle, 
region-speci"c variations may not be discernible using methods that rely on averaged FA values across 
the entire (bilateral) tract. #is might be particularly critical for detecting early or subtle markers of 
psychopathology, which potentially only become evident in genetically enriched cohorts or preclinical 
disease stages. Furthermore, it is plausible that a reduction in FA within regions of the SLF could be 
masked or “levelled out” by a compensatory increase in FA within the SLF II, leading to non-signi"cant 
"ndings in analyses on average FA of the SLF.

Moreover, it is important to note that higher FA values do not automatically indicate improved white 
matter microstructure. An apparently paradoxical increase in FA can arise from several microstructural 
phenomena. For instance, the presence of crossing white matter "bers within a voxel can arti"cially 
elevate FA if one "ber population undergoes signi"cant degradation or atrophy while another remains 
relatively preserved. Elevated FA might re$ect compensatory processes, such as enhanced "ber alignment 
coherency, as the brain adapts to underlying pathological changes [28, 81-83]. 

#erefore, while the results may appear contradictory at "rst glance, multiple hypothesized explanations 
could account for these "ndings. Future investigations would ideally incorporate more detailed analysis 
methods such as tractography, a method which is able to trace anatomical connections of white matter 
between several brain regions, to elucidate the precise "ber architecture and directionality of the SLF. 
While the existing data from Chapter 5 may present challenges for such advanced analyses, applying 
tractography to the data collected in Chapter 4 would be more feasible and promising to gain deeper 
insights into SLF microstructure in SAD.

In conclusion, future studies are needed to replicate the "ndings on alterations in white matter 
microstructure in SAD. Further research should additionally include information about important 
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covariates such as age-of-onset and ethnicity in a large longitudinal dataset, as the studies in Chapter 4 
and 5 were cross-sectional, thus unable to investigate the course of structural changes over the lifespan, 
and did not report on these covariates. Investigating age-of-onset might aid in understanding subtypes 
of a disorder, providing insights in the interaction between white matter development throughout the 
lifespan and a mental illness. For example, di%erences in white matter between early and late onset 
psychosis have been previously reported [84], although single studies which focused on internalizing 
disorders did not reveal any di%erences in white matter microstructure between patients with adolescent- 
and adult-onset major depressive disorder [78]. Regarding ethnicity, di%erences in white matter 
microstructure have been reported in healthy Black, White, Asian and Hispanic participants [85, 86]. 
#us, ethnicity might in$uence results on white matter alterations in internalizing disorders. 

Taken together, our "ndings underscore the importance of large-scale datasets across the lifespan and 
innovative exploration of heritable components in SAD. Building on these insights and the limitations 
identi"ed across both parts of this thesis, I now consider the broader implications of this work and several 
key directions that emerge for future research.

General Discussion and Suggestions for Future Research

Internalizing disorders are unique and complex, rising from numerous interactions between environmental, 
genetic, biological, developmental and temperamental factors that lead to a mental illness [4, 30, 51]. 
#is thesis aimed to untangle some of these complex interactions in young people with internalizing 
disorders by investigating brain networks using several methods. We have explored longitudinal changes 
of structural and functional connectivity and investigated white matter microstructure in families 
with SAD and in a mega-analysis. #e results add to the existing body of evidence i) that divergent 
structural brain connectivity is present in adolescents with internalizing disorders compared to healthy 
peers, and ii) that changes in white matter microstructure are present in SAD, of which some might be 
transdiagnostic or candidate endophenotypes. While these methods have provided additional insights 
into brain networks in young people with internalizing disorders, further research is necessary. Several 
suggestions are outlined below.

Larger, more inclusive and diverse datasets

One important direction for future work is the development of larger, more inclusive and diverse datasets. 
A considerable body of evidence in structural and functional neuroimaging in internalizing disorders 
presents us with at least some neurobiological ground that contributes to the complex interactions 
mentioned above, such as changes in regions of the corticolimbic network and a heritable base for SAD 
[4, 9, 87-90]. #is evidence is largely compiled over the years by studies that have investigated a highly 
selected group of patients, usually without medication or comorbid disorders, in small sample sizes, 
using cross-sectional designs and di%erent analysis methods. Such studies complicate reproducibility, 
comparability and may not adequately re$ect the complexity of real-world clinical populations with 
internalizing disorders, where symptoms are heterogeneous, frequently comorbid and o!en in$uenced 
by ongoing treatment [91-94]. Although small in study size and duration, the studies presented in the 
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"rst part of this thesis used broad inclusion criteria to improve the generalizability of "ndings and capture 
the full spectrum of internalizing symptomatology. Multi-site collaborations, such as those facilitated by 
the ENIGMA consortium, o%er a valuable infrastructure for aggregating data at scale and increasing 
statistical power [93, 95]. 

Moreover, careful consideration is needed in terms of participant selection. Inclusion strategies should 
aim to reduce selection bias by including a broad range of individuals, spanning various demographic 
backgrounds and ethnicities, treatment histories and symptom pro"les if available to increase the 
generalizability of "ndings to real-world clinical populations.

Transdiagnostic and dimensional $ameworks 

Building on the call for more inclusive datasets, there is a pressing need to re-evaluate how study 
populations are de"ned and characterized. Rather than relying on reductionistic diagnostic categories, 
such as those in the DSM-5, future studies should adopt transdiagnostic approaches that re$ect the 
symptom heterogeneity and comorbidity typical of clinical populations and move beyond traditional 
categorical diagnostic frameworks. Dimensional and transdiagnostic approaches, such as the Research 
Domain Criteria (RDoC) and the Hierarchical Taxonomy of Psychopathology (HiTOP) [96, 97], may 
better capture the complexity and spectrum-like nature of internalizing psychopathology. 

On the other hand, next to practical and implementation challenges such as training of clinicians, 
dimensional and transdiagnostic frameworks used to capture internalizing psychopathology might 
be more susceptible to lower inter-rater reliability and di%erences between and within diverse 
populations, leading to inaccurate diagnoses and interventions. Moreover, the line between ‘healthy’ 
and ‘pathological’ might be blurred when using a dimensional rather than a categorical scale, risking 
under- or overpathologization of normal human experiences. Lastly, these frameworks could complicate 
communication between healthcare professionals, researchers and insurance providers. 

Longitudinal and multimodal designs 

Next to large, inclusive datasets and transdiagnostic frameworks, longitudinal and multimodal study 
designs should be prioritized in future research [98]. Including waitlist control groups, consisting of 
patients who do not receive any treatment, while also comparing clinical populations to normative 
samples could provide essential benchmarks for interpreting neurobiological deviations. As this method 
is not feasible for long-term investigations due to ethical reasons, other options could include naturalistic 
cohorts, in which patients are followed over many years. Furthermore, continued investigation of 
candidate endophenotypes may yield important markers for risk strati"cation and early intervention 
in individuals at risk for developing psychopathology. Finally, future research will bene"t from deep 
phenotyping approaches that integrate clinical, cognitive, behavioral and neurobiological data. Projects 
such as FRENCHMINDS (https://pepr-propsy.fr/2024/09/30/frenchminds/) demonstrate the 
potential of these interdisciplinary, multimodal research e%orts, as they aim to identify transdiagnostic 
pro"les in patients with a wide variety of psychiatric disorders. Speci"cally, FRENCHMINDS aims to 
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include a large number of psychiatric patients and healthy controls in a study with a 14-month follow-up, 
collecting (neuro)biological data on two timepoints and monthly data on sleep, activity and symptoms to 
identify transdiagnostic pro"les focused on social withdrawal and anhedonia. Such platforms can serve 
as valuable models to expand our understanding of internalizing disorders and tailoring interventions to 
the individual. 

Improve methodological rigor and data richness

Lastly, from a methodological standpoint, improving rigor and depth of data is crucial. While studies 
using MRI-scans have yielded important insights into neurobiological alterations in internalizing 
disorders, our capacity to identify reliable neurobiological markers remains limited. Advancements in 
so!ware, hardware, and analytical techniques, including arti"cial intelligence, may enhance our ability 
to detect clinically meaningful patterns in the future. Nevertheless, the value of MRI as a research tool is 
likely to increase only if it is embedded within broader, more inclusive research frameworks as described 
in the paragraph above. 

Moreover, it is important to address platforms such as the Open Science Framework (OSF; https://
osf.io/). #ese initiatives aim to increase transparency, collaborations and reproducibility of research. 
For example, it is possible to pre-register study plans (the pre-registration for the study in Chapter 5 
can be found here: https://osf.io/5ycag/). Preregistration of hypotheses and analytic plans can enhance 
transparency, reduce analytic $exibility and increase reproducibility. By combining technological 
advances with robust open science practices, researchers can work toward building a more reliable 
and cumulative knowledge base that ultimately bene"ts both scienti"c understanding and clinical 
applications in mental health research.

Explanatory reach of neuroimaging

Ultimately, neuroimaging represents just one piece of a much larger puzzle of all available research 
methods that can be used to untangle underlying factors in adolescent internalizing disorders. While it 
may eventually assist in identifying individuals at ultra-high risk, such as those exhibiting endophenotypes 
of social anxiety or in guiding personalized treatment strategies (e.g., tailoring interventions based 
on individual patterns of white matter microstructure, which are not available yet), its explanatory 
reach is inherently limited. Psychiatric disorders are shaped by a vast constellation of biopsychosocial 
factors, many of which remain poorly understood. Although we may never fully elucidate the precise 
mechanisms through which these disorders arise or why certain individuals fail to respond to treatment, 
progress remains both possible and necessary. #e work presented in this thesis aims to contribute to that 
progress, o%ering insights that may ultimately improve outcomes for patients and their families. 
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Conclusion

#is thesis aimed to advance our understanding of the neurobiological mechanisms underlying 
internalizing disorders in adolescence, with a particular focus on structural and functional brain 
connectivity. In the "rst section of this work we investigated longitudinal trajectories of functional 
and structural connectivity in adolescents with anxiety and depression. #e "ndings revealed divergent 
developmental patterns in functional connectivity compared to healthy peers and changes in functional 
and structural connectivity which were associated with changes in symptom severity over time. #ese 
results highlight the dynamic nature of brain development in youth with internalizing disorders and 
suggest that changes in brain networks may contribute to internalizing psychopathology in adolescence.

#e second section of this thesis focused speci"cally on SAD using two innovative study designs to 
explore changes in white matter microstructure. We examined a unique sample of families enriched for 
SAD and conducted a large-scale mega-analysis within the ENIGMA consortium. Our "ndings provided 
further support for white matter alterations in SAD, including changes in white matter microstructure as 
candidate endophenotype. In addition, we found transdiagnostic patterns in white matter microstructure 
with other internalizing disorders and potential sex-speci"c changes in white matter. 

Taken together, the studies presented in this thesis o%er novel insights into neural correlates of adolescent 
internalizing disorders. #ese "ndings are grounded in real-world clinical variation and employ 
innovative, multimodal methodologies, including longitudinal neuroimaging, investigation of families 
and large mega-analyses. #rough these comprehensive, methodologically diverse approaches, this thesis 
aims to narrow the gap between theoretical neuroscience and clinical practice.

Ultimately, the insights gained from this thesis should support the broader goal of improving outcomes 
for young individuals struggling with internalizing psychopathology. By identifying neurobiological 
alterations that diverge from healthy peers over time, and by highlighting the need for sex-sensitive and 
transdiagnostic approaches, this work contributes to the road to more personalized and developmentally 
informed mental health care. 



169

General discussion

6

References
1. Costello, E.J., et al., Prevalence and development of psychiatric 

disorders in childhood and adolescence. Arch Gen Psychiatry, 
2003. 60(8): p. 837-44.

2. Melton, T.H., et al., Comorbid anxiety and depressive 
symptoms in children and adolescents: A systematic review and 
analysis. J Psychiatr Pract, 2016. 22(2): p. 84-98.

3. Kessler, R.C., et al., Age of onset of mental disorders: A review 
of recent literature. Curr Opin Psychiatry, 2007. 20(4): p. 
359-64.

4. Swartz, J.R. and C.S. Monk, #e role of corticolimbic 
circuitry in the development of anxiety disorders in children and 
adolescents. Curr Top Behav Neurosci, 2014. 16: p. 133-48.

5. Tseng, W.L., E. Leibenlu#, and M.A. Brotman, A systems 
neuroscience approach to the pathophysiology of pediatric mood 
and anxiety disorders. Curr Top Behav Neurosci, 2014. 16: 
p. 297-317.

6. Strawn, J.R., et al., Neurobiology of pediatric anxiety disorders. 
Curr Behav Neurosci Rep, 2014. 1(3): p. 154-160.

7. American Psychiatric Association, Diagnostic and 
statistical manual of mental disorders, !"h edition (dsm-5), 
ed. A.P. Association. 2013, Washington, DC: American 
Psychiatric Association Publishing.

8. Parsaei, M., et al., Microstructural white matter alterations 
associated with social anxiety disorders: A systematic review. J 
A"ect Disord, 2024. 350: p. 78-88.

9. Stein, M.B., et al., Genetic risk variants for social anxiety. Am 
J Med Genet B Neuropsychiatr Genet, 2017. 174(2): p. 
120-131.

10. Bas-Hoogendam, J.M., et al., Neurobiological candidate 
endophenotypes of social anxiety disorder. Neurosci Biobehav 
Rev, 2016. 71: p. 362-378.

11. Aghajani, M., et al., Altered white-matter architecture in 
treatment-naive adolescents with clinical depression. Psychol 
Med, 2014. 44(11): p. 2287-98.

12. Pannekoek, J.N., et al., Aberrant resting-state functional 
connectivity in limbic and salience networks in treatment--naive 
clinically depressed adolescents. J Child Psychol Psychiatry, 
2014. 55(12): p. 1317-27.

13. Pannekoek, J.N., et al., Reduced anterior cingulate gray matter 
(olume in treatment-naive clinically depressed adolescents. 
Neuroimage Clin, 2014. 4: p. 336-42.

14. van den Bulk, B.G., et al., Amygdala activation during 
emotional face processing in adolescents with a$ective disorders: 
#e role of underlying depression and anxiety symptoms. Front 
Hum Neurosci, 2014. 8: p. 393.

15. van den Bulk, B.G., et al., Amygdala habituation to emotional 
faces in adolescents with internalizing disorders, adolescents 
with childhood sexual abuse related ptsd and healthy 

adolescents. Dev Cogn Neurosci, 2016. 21: p. 15-25.

16. Bessette, K.L., et al., White matter abnormalities in 
adolescents with major depressive disorder. Brain Imaging 
Behav, 2014. 8(4): p. 531-41.

17. Cullen, K.R., et al., Altered white matter microstructure in 
adolescents with major depression: A preliminary study. J Am 
Acad Child Adolesc Psychiatry, 2010. 49(2): p. 173-83 
e1.

18. LeWinn, K.Z., et al., White matter correlates of adolescent 
depression: Structural evidence for &ontolimbic disconnectivity. 
J Am Acad Child Adolesc Psychiatry, 2014. 53(8): p. 
899-909, 909 e1-7.

19. Liao, M., et al., White matter abnormalities in adolescents with 
generalized anxiety disorder: A di$usion tensor imaging study. 
BMC Psychiatry, 2014. 14: p. 41.

20. Bessette, K.L., et al., White matter abnormalities in 
adolescents with major depressive disorder. Brain Imaging 
Behav, 2014. 8(4): p. 531-41.

21. Schmahmann, J.D., et al., Association !bre pathways of the 
brain: Parallel observations &om di$usion spectrum imaging 
and autoradiography. Brain, 2007. 130(Pt 3): p. 630-53.

22. Schmahmann, J.D. and D.N. Pandya, Fiber pathways of the 
brain, in Fiber pathways of the brain. 2006. p. 409-414.

23. Jones, S.A., A.M. Morales, and B.J. Nagel, Resilience to risk 
for psychopathology: #e role of white matter microstructural 
development in adolescence. Biol Psychiatry Cogn Neurosci 
Neuroimaging, 2019. 4(2): p. 180-189.

24. Catani, M., et al., Virtual in vivo interactive dissection of white 
matter fasciculi in the human brain. Neuroimage, 2002. 
17(1): p. 77-94.

25. Wakana, S., et al., Fiber tract-based atlas of human white 
matter anatomy. Radiology, 2004. 230(1): p. 77-87.

26. Vanes, L.D., et al., White matter tract myelin maturation and 
its association with general psychopathology in adolescence and 
early adulthood. Hum Brain Mapp, 2020. 41(3): p. 827-
839.

27. Albaugh, M.D., et al., Anxious/depressed symptoms are 
related to microstructural maturation of white matter in 
typically developing youths. Dev Psychopathol, 2017. 29(3): 
p. 751-758.

28. Jones, D.K., T.R. Knosche, and R. Turner, White matter 
integrity, !ber count, and other fallacies: #e do’s and don’ts of 
di$usion mri. Neuroimage, 2013. 73: p. 239-54.

29. Alexander, A.L., et al., Di$usion tensor imaging of the brain. 
Neurotherapeutics, 2007. 4(3): p. 316-29.

30. Toenders, Y.J., et al., Neuroimaging predictors of onset and 
course of depression in childhood and adolescence: A systematic 
review of longitudinal studies. Dev Cogn Neurosci, 2019. 
39: p. 100700.



Chapter 6

170

31. Baumel, W.T., et al., Neurocircuitry of treatment in anxiety 
disorders. Biomark Neuropsychiatry, 2022. 6.

32. Chattopadhyay, S., et al., Cognitive behavioral therapy 
lowers elevated functional connectivity in depressed adolescents. 
EBioMedicine, 2017. 17: p. 216-222.

33. Straub, J., et al., Successful group psychotherapy of depression 
in adolescents alters &onto-limbic resting-state connectivity. J 
A"ect Disord, 2017. 209: p. 135-139.

34. Villa, L.M., et al., Cognitive behavioral therapy may have a 
rehabilitative, not normalizing, e$ect on functional connectivity 
in adolescent depression. J A"ect Disord, 2020. 268: p. 1-11.

35. Klimes-Dougan, B., et al., Structural and functional neural 
correlates of treatment response for interpersonal psychotherapy 
for depressed adolescents. J Clin Med, 2022. 11(7).

36. Cullen, K.R., et al., Neural correlates of antidepressant 
treatment response in adolescents with major depressive disorder. 
J Child Adolesc Psychopharmacol, 2016. 26(8): p. 705-
712.

37. Tse, N.Y., et al., Functional dysconnectivity in youth depression: 
Systematic review, meta-analysis, and network-based 
integration. Neurosci Biobehav Rev, 2023. 153: p. 105394.

38. Tang, S., et al., Abnormal amygdala resting-state functional 
connectivity in adults and adolescents with major depressive 
disorder: A comparative meta-analysis. EBioMedicine, 2018. 
36: p. 436-445.

39. Xu, J., et al., Anxious brain networks: A coordinate-based 
activation likelihood estimation meta-analysis of resting-state 
functional connectivity studies in anxiety. Neurosci Biobehav 
Rev, 2019. 96: p. 21-30.

40. Janak, P.H. and K.M. Tye, From circuits to behaviour in the 
amygdala. Nature, 2015. 517(7534): p. 284-92.

41. Michely, J., et al., Distinct processing of aversive experience 
in amygdala subregions. Biol Psychiatry Cogn Neurosci 
Neuroimaging, 2020. 5(3): p. 291-300.

42. Singh, S.P., et al., Mind the gap: #e interface between child 
and adult mental health services. Psychiatric Bulletin, 2018. 
29(8): p. 292-294.

43. Walter, H.J., et al., Clinical practice guideline for the assessment 
and treatment of children and adolescents with anxiety 
disorders. J Am Acad Child Adolesc Psychiatry, 2020. 
59(10): p. 1107-1124.

44. Walter, H.J., et al., Clinical practice guideline for the assessment 
and treatment of children and adolescents with major and 
persistent depressive disorders. J Am Acad Child Adolesc 
Psychiatry, 2023. 62(5): p. 479-502.

45. LeDoux, J., #e amygdala. Curr Biol, 2007. 17(20): p. 
R868-74.

46. 46. Duvarci, S. and D. Pare, Amygdala microcircuits 
controlling learned fear. Neuron, 2014. 82(5): p. 966-80.

47. Connolly, C.G., et al., Resting-state functional connectivity of 
the amygdala and longitudinal changes in depression severity in 
adolescent depression. J A"ect Disord, 2017. 207: p. 86-94.

48. Lebel, C. and S. Deoni, #e development of brain white 
matter microstructure. Neuroimage, 2018. 182: p. 207-218.

49. Kochunov, P., et al., Fractional anisotropy of cerebral white 
matter and thickness of cortical gray matter across the lifespan. 
Neuroimage, 2011. 58(1): p. 41-9.

50. Stein, D.J., et al., #e cross-national epidemiology of social 
anxiety disorder: Data &om the world mental health survey 
initiative. BMC Med, 2017. 15(1): p. 143.

51. Bas-Hoogendam, J.M., et al., Pathogenesis of social anxiety 
disorder, in #e american psychiatric association publishing 
textbook of anxiety, trauma, and ocd-related disorders, 
third edition, N. Simon, et al., Editors. 2020, American 
Psychiatric Association Publishing: Washington, DC.

52. Fehm, L., et al., Size and burden of social phobia in europe. Eur 
Neuropsychopharmacol, 2005. 15(4): p. 453-62.

53. Koyuncu, A., et al., Comorbidity in social anxiety disorder: 
Diagnostic and therapeutic challenges. Drugs Context, 2019. 
8: p. 212573.

54. Bas-Hoogendam, J.M., et al., Intrinsic functional connectivity 
in families genetically enriched for social anxiety disorder - an 
endophenotype study. EBioMedicine, 2021. 69: p. 103445.

55. Gottesman, II and T.D. Gould, #e endophenotype concept 
in psychiatry: Etymology and strategic intentions. Am J 
Psychiatry, 2003. 160(4): p. 636-45.

56. Lenzenweger, M.F., Endophenotype, intermediate phenotype, 
biomarker: De!nitions, concept comparisons, clari!cations. 
Depress Anxiety, 2013. 30(3): p. 185-9.

57. Miller, G.A. and B. Rockstroh, Endophenotypes in 
psychopathology research: Where do we stand? Annu Rev 
Clin Psychol, 2013. 9(1): p. 177-213.

58. Ro"man, J.L., Endophenotype research in psychiatry-the 
grasshopper grows up. JAMA Psychiatry, 2019. 76(12): p. 
1230-1231.

59. Bas-Hoogendam, J.M., et al., #e leiden family lab study on 
social anxiety disorder: A multiplex, multigenerational family 
study on neurocognitive endophenotypes. Int J Methods 
Psychiatr Res, 2018. 27(2): p. e1616.

60. Bas-Hoogendam, J.M., et al., Subcortical brain (olumes, 
cortical thickness and cortical surface area in families 
genetically enriched for social anxiety disorder - a multiplex 
multigenerational neuroimaging study. EBioMedicine, 2018. 
36: p. 410-428.

61. Bas-Hoogendam, J.M., et al., Altered neurobiological 
processing of unintentional social norm violations: A multiplex, 
multigenerational functional magnetic resonance imaging 
study on social anxiety endophenotypes. Biol Psychiatry Cogn 
Neurosci Neuroimaging, 2019.



171

General discussion

6

62. Bas-Hoogendam, J.M., et al., Impaired neural habituation to 
neutral faces in families genetically enriched for social anxiety 
disorder. Depress Anxiety, 2019. 36(12): p. 1143-1153.

63. Bas-Hoogendam, J.M., et al., P.491 social conditioning of 
neutral faces in families genetically enriched for social anxiety 
disorder. European Neuropsychopharmacology, 2019. 
29: p. S345-S346.

64. Bas-Hoogendam, J.M., et al., Amygdala hyperreactivity to 
faces conditioned with a social-evaluative meaning- a multiplex, 
multigenerational fmri study on social anxiety endophenotypes. 
NeuroImage Clin, 2020. 26: p. 102247.

65. Kochunov, P., et al., Heritability of &actional anisotropy in 
human white matter: A comparison of human connectome 
project and enigma-dti data. Neuroimage, 2015. 111: p. 
300-11.

66. Alves, P.N., et al., An impro(ed neuroanatomical model of the 
default-mode network reconciles previous neuroimaging and 
neuropathological !ndings. Commun Biol, 2019. 2: p. 370.

67. Makris, N., et al., Segmentation of subcomponents within the 
superior longitudinal fascicle in humans: A quantitative, in vivo, 
dt-mri study. Cereb Cortex, 2005. 15(6): p. 854-69.

68. Parr, T. and K.J. Friston, #e active construction of the visual 
world. Neuropsychologia, 2017. 104: p. 92-101.

69. Barbeau, E.B., M. Descoteaux, and M. Petrides, 
Dissociating the white matter tracts connecting the temporo-
parietal cortical region with &ontal cortex using di$usion 
tractography. Sci Rep, 2020. 10(1): p. 8186.

70. !iebaut de Schotten, M., et al., A lateralized brain network 
for visuospatial attention. Nat Neurosci, 2011. 14(10): p. 
1245-6.

71. Vossel, S., J.J. Geng, and G.R. Fink, Dorsal and ventral 
attention systems: Distinct neural circuits but collaborative roles. 
Neuroscientist, 2014. 20(2): p. 150-9.

72. Baur, V., et al., White matter alterations in social anxiety 
disorder. J Psychiatr Res, 2011. 45(10): p. 1366-72.

73. Qiu, C., et al., Di$usion tensor imaging studies on chinese 
patients with social anxiety disorder. Biomed Res Int, 2014. 
2014: p. 860658.

74. Tukel, R., et al., Evidence for alterations of the right inferior 
and superior longitudinal fasciculi in patients with social 
anxiety disorder. Brain Res, 2017. 1662: p. 16-22.

75. Kochunov, P., et al., Fractional anisotropy of water di$usion 
in cerebral white matter across the lifespan. Neurobiol Aging, 
2012. 33(1): p. 9-20.

76. Favre, P., et al., Widespread white matter microstructural 
abnormalities in bipolar disorder: Evidence &om 
mega- and meta-analyses across 3033 individuals. 
Neuropsychopharmacology, 2019. 44(13): p. 2285-2293.

77. Kelly, S., et al., Widespread white matter microstructural 
di$erences in schizophrenia across 4322 individuals: Results 

&om the enigma schizophrenia dti working group. Mol 
Psychiatry, 2018. 23(5): p. 1261-1269.

78. van Velzen, L.S., et al., White matter disturbances in 
major depressive disorder: A coordinated analysis across 20 
international cohorts in the enigma mdd working group. Mol 
Psychiatry, 2020. 25(7): p. 1511-1525.

79. Aggarwal, N., et al., Sex-speci!c distributed white matter 
microarchitectural alterations in preadolescent youths with 
anxiety disorders: A mega-analytic study. Am J Psychiatry, 
2024. 181(4): p. 299-309.

80. Tromp, D.P.M., et al., Altered uncinate fasciculus 
microstructure in childhood anxiety disorders in boys but not 
girls. Am J Psychiatry, 2019. 176(3): p. 208-216.

81. !omason, M.E. and P.M. !ompson, Di$usion imaging, 
white matter, and psychopathology. Annu Rev Clin Psychol, 
2011. 7(1): p. 63-85.

82. Haber, S.N., et al., Circuits, networks, and neuropsychiatric 
disease: Transitioning &om anatomy to imaging. Biol 
Psychiatry, 2020. 87(4): p. 318-327.

83. Figley, C.R., et al., Potential pitfalls of using &actional 
anisotropy, axial di$usivity, and radial di$usivity as biomarkers 
of cerebral white matter microstructure. Front Neurosci, 
2021. 15: p. 799576.

84. Pavan, T., et al., White matter microstructure alterations in 
early psychosis and schizophrenia. Transl Psychiatry, 2025. 
15(1): p. 179.

85. Kamal, F., et al., Racial and ethnic di$erences in white matter 
hypointensities: #e role of vascular risk factors. Alzheimers 
Dement, 2025. 21(3): p. e70105.

86. Farkhondeh, V. and C. DeCarli, White matter 
hyperintensities in diverse populations: A systematic review of 
literature in the united states. Cereb Circ Cogn Behav, 2024. 
6: p. 100204.

87. First, M.B., et al., Clinical applications of neuroimaging in 
psychiatric disorders. Am J Psychiatry, 2018. 175(9): p. 
915-916.

88. Lopez, K.C., et al., Emotion dysregulation and functional 
connectivity in children with and without a history of major 
depressive disorder. Cogn A"ect Behav Neurosci, 2018. 
18(2): p. 232-248.

89. Berking, M., Emotion regulation and mental health: Current 
evidence and beyond. World Psychiatry, 2024. 23(3): p. 
438-439.

90. Joormann, J. and C.H. Stanton, Examining emotion 
regulation in depression: A review and future directions. Behav 
Res !er, 2016. 86: p. 35-49.

91. Zugman, A., et al., A systematic review and meta-analysis of 
resting-state fmri in anxiety disorders: Need for data sharing 
to mo(e the !eld forward. J Anxiety Disord, 2023. 99: p. 
102773.



Chapter 6

172

92. Bas-Hoogendam, J.M., et al., Enigma-anxiety working 
group: Rationale for and organization of large-scale 
neuroimaging studies of anxiety disorders. Hum Brain Mapp, 
2022. 43(1): p. 83-112.

93. !ompson, P.M., et al., Enigma and global neuroscience: A 
decade of large-scale studies of the brain in health and disease 
across more than 40 countries. Transl Psychiatry, 2020. 
10(1): p. 100.

94. Nour, M.M., Y. Liu, and R.J. Dolan, Functional 
neuroimaging in psychiatry and the case for failing better. 
Neuron, 2022. 110(16): p. 2524-2544.

95. !ompson, P.M., et al., #e enigma consortium: Large-scale 
collaborative analyses of neuroimaging and genetic data. Brain 
Imaging Behav, 2014. 8(2): p. 153-82.

96. Insel, T., et al., Research domain criteria (rdoc): Toward a new 
classi!cation &amework for research on mental disorders. Am J 
Psychiatry, 2010. 167(7): p. 748-51.

97. Kotov, R., et al., #e hierarchical taxonomy of psychopathology 
(hitop): A dimensional alternative to traditional nosologies. J 
Abnorm Psychol, 2017. 126(4): p. 454-477.

98. Gell, M., et al., Psychiatric neuroimaging designs 
for individualised, cohort, and population studies. 
Neuropsychopharmacology, 2024. 50(1): p. 29-36.



173

General discussion

6




