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Abstract 
Author: Elise Solbu Roalsø 

Title: The Association Between White Matter Integrity, Emotion Regulation and Depression 

Supervisors: Rune Jonassen and Luigi Maglanoc 

 

Background: Major Depressive Disorder (MDD) is a burdensome and highly recurrent 

disorder, with a heightened risk of relapse for those with residual symptoms from previous 

episodes of depression. Mapping key mechanisms of the disease in a sample currently in 

remission is essential for developing efficient treatment. The Model of Cognitive Control of 

Emotion suggests deficits in emotion regulation in people with MDD is an important 

mechanism driving the recurrence of depression. Based on this model, differences in emotion 

regulation abilities will manifest themselves as differences in white matter integrity between 

a sample of patients with a history of MMD and healthy controls (HCs).  

Objectives: Our primary objective was to investigate the role of white matter integrity in a 

sample of MDD patients currently in remission and HCs. This was addressed using three 

common measures of Diffusion Tensor Imaging (DTI): fractional anisotropy (FA), mean 

diffusion (MD) and radial diffusion (RD). We hypothesised that the MDD group would show 

lower mean FA and higher MD and RD values than the controls. Our secondary objectives 

were to examine if these differences were related to the level of depressive symptoms, and to 

investigate the relation between white matter integrity and emotion regulation strategies 

within brain areas of significant group differences in white matter integrity.  

Methods: The study sample consisted of 151 people with a history of MDD, currently in 

remission, and 72 HCs. Clinical screening was conducted through the Mini International 

Neuropsychiatric Interview (M.I.N.I 6) in accordance with DSM-IV diagnostic criteria for 

MDD. Whole-brain voxelwise statistical analyses of the FA, MD and RD data were carried 

out using Tract-Based Spatial Statistics (TBSS). The level of depressive symptoms was 

measured by the Beck Depression Inventory (BDI) and the Hamilton Rating Scale for 

Depression (HRSD), and the emotion regulation strategies were measured by the Cognitive 

Reappraisal (CR) facet on the Emotion Regulation Questionnaire (ERQ).  

Results: Significant group differences between MDD patients and HCs were found on all 

three white matter measures in several brain regions assumed to be related to emotion 

regulation. The affected areas involve anterior corona radiate, the cingulum, the internal 

capsule, uncinate fasciculus, forceps minor, splenium of corpus callosum and superior 

longitudinal fasciculus. There were no significant correlations between depressive symptom 
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scores and FA, MD or RD in any areas of the brain. Nor did the differences in white matter 

between the two groups seem to be mediated by the participants’ emotion regulation 

strategies.  

Conclusion: Our study provides important information about the relation between white 

matter integrity, emotion regulation and depressive symptoms in people with a high risk of 

depressive relapse. It highlights the importance of thorough investigation of underlying 

mechanisms of MDD for developing new treatments, including mechanisms that are 

detectable in remission. Emotion regulation deficits do not seem to be related to these 

neurobiological mechanisms and can possibly be considered more of an artefact related to 

ongoing depression. In addition, the underlying mechanisms do not seem to worsen with the 

severity of depressive symptoms. This could, however, be due to our study not including 

enough patients with symptoms of severe depression, thus restricting the range of our sample.  
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1 Introduction 
 

Major Depressive Disorder (MDD) has been ranked the most burdensome disease in 

the world in terms of total disability-adjusted years among people in the middle years of life 

by The World Health Organization Global Burden of Disease Study (Vos et al., 2017) and is 

considered a worldwide epidemic. Recent estimates conducted in the USA have found 

lifetime prevalence rates up to 20% for MDD (Hirschfeld, 2012), but the number of people 

affected directly or indirectly is likely to be much higher. The age of onset for MDD has been 

declining over the years, with the modal age of onset estimated to between 13 and 15 years of 

age (Zisook et al., 2007).  

The disorder is also a highly recurrent disorder, with more than 75% of patients with 

depression experiencing more than one episode, often relapsing within one year of recovery 

from the previous episode (Gotlib & Hammen, 2014; Vittengl, Clark, Dunn, & Jarrett, 2007; 

N. Williams, Simpson, Simpson, & Nahas, 2009). The risk of relapse increases with the 

number of depressive episodes (Hardeveld, Spijker, De Graaf, Nolen, & Beekman, 2010). 

When the patient suffers from residual symptoms, the risk is even higher (McGrath et al., 

2006; Rush et al., 2006) and subclinical residual symptoms have been suggested as the 

strongest predictor of relapse (Hardeveld et al., 2010). Moreover, residual symptoms are 

associated with lower levels of functioning (Trivedi et al., 2009) and a chronic course of 

illness (Judd et al., 2000). Directing treatment towards people in remission suffering from 

residual symptoms should therefore be of high-priority.   

There are currently several approaches to treating MDD in routine clinical use, with 

maintenance antidepressant medication and different forms of psychotherapy, e.g. cognitive 

therapy (CT; Derubeis et al., 2005) and psychodynamic therapy (Driessen et al., 2015), being 

the ones with the most promising evidence base. On a group level these treatments seem to be 

about equally effective in a short-term perspective (Craighead & Dunlop, 2014; Khan et al., 

2012; Spielmans, Berman, & Usitalo, 2011). Nevertheless, there are considerable individual 

differences in terms of response to treatment, and most patients still experience relapse 

(Gotlib & Hammen, 2014). A major obstacle in optimal treatment development is the 

heterogeneity within the group of people with MDD (Fried & Nesse, 2015). Moreover, as the 

mechanisms driving the on-going vulnerability to relapse are not fully understood, 

development of new treatments are primarily based on symptoms rather than underlying 

mechanisms (Holmes et al., 2018).  
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In keeping with recent emphasis on translational treatment development (e. g., the 

National Institute of Health’s stage model; Onken, Carroll, Shoham, Cuthbert, & Riddle, 

2014) mapping key mechanisms of psychiatric disorders is pivotal in treatment development 

(Kazdin, 2007). However, most research into the mechanisms of treatments only describe 

differences between a patient group and a group of healthy controls (HCs; Holmes et al., 

2018), thus being little informative about how these mechanisms are associated with the 

illness in a causal manner. These differences may represent coexisting mechanisms of the 

disease expressed during a clinical state, rather than mechanisms driving the disease itself. 

Studying mechanisms of the disease in a sample of patients currently in remission, rather than 

patients currently suffering from MDD, is thus highly relevant.  

An increasing body of evidence suggests white matter abnormalities is a key factor in 

the structural brain changes related to regions involved in emotion regulation observed in 

patients with MDD (Arnold et al., 2012; Cole et al., 2012; Delaparte et al., 2015; Korgaonkar 

et al., 2011). Therefore, examining white matter integrity in a sample with people with 

depression history will give us important information about how the underlying 

neurobiological mechanisms work in people with recurrent depression.  

 

1.1 Objectives 

In this study, our primary objective was to investigate the role of white matter 

integrity in people with MDD and HCs. Our patient sample consisted of patients with a 

history of MDD, currently in remission. Based on predictions from The Model of Cognitive 

Control of Emotion (MCCE; Ochsner & Gross, 2005), we hypothesised that the MDD group 

would show reduced white matter integrity compared to HC’s. In addition, our secondary 

objectives were to associate white matter measures of mechanism with symptom severity as 

measured by self-report scales. Moreover, we investigated if any significant differences in 

white matter between the two groups were mediated by emotion regulation.  

 

1.2 The Model of Cognitive Control of Emotion 

One possible mechanism underlying the recurrence of depression, which is emerging 

as a research interest, is emotion regulation deficits. Emotion regulation refers to how we 

respond emotionally to internal cues (e.g., thoughts or feelings) or external cues (e.g., a facial 

expression, spoken words). So-called emotion regulation strategies can in part allow us to 

adjust both the nature, magnitude of impact and duration of emotional responses, including 
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initiating new ones (Ochsner, Silvers, & Buhle, 2012). How we respond to these emotional 

cues has a major impact on our physical and mental health (Berking & Wupperman, 2012). In 

people suffering from depression the ability to adopt strategies for appropriate regulation of 

emotion is impaired (Erk et al., 2010).  

According to MCCE (Ochsner & Gross, 2005; Ochsner et al., 2012) regulation of 

emotion occurs when prefrontal and cingulate control systems modulate activity in 

perceptual, semantic and affect systems as a function of one’s current goals, tactics and the 

nature of the stimuli and emotions being regulated. Emotion regulation is an active and 

voluntary engagement of regulatory processes. It is also possible that emotion regulation 

could be guided by implicit and subconscious goals, but to our knowledge no neuroscientific 

research has addressed this potential involuntary form of emotion regulation (Ochsner et al., 

2012).  

The MCCE outlines how the generation of emotions involves four distinct processes 

(see Figure 1): 1) perceiving the stimuli (internal or external), 2) attending to some of these 

stimuli or its attributes, 3) appraising the significance of stimuli in terms of their relevance to 

one’s current goals and 4) translating these appraisals into changes of experience, behaviour 

and autonomic physiology (Ochsner et al., 2012). Emotion regulation strategies can thus be 

divided into five groups, linked to what stage of emotion generation they have an impact on.  

The first two groups of strategies involve changing the nature of the situation through 

situation selection and situation modification, thus evading the stimuli in context. In situation 

selection you simply avoid stimuli that might trigger negative emotions, e. g. staying away 

from a class reunion where the kids who bullied you in school will be. Situation modification, 

on the other hand, is when you are already in the presence of stimuli that might elicit 

unwanted emotions, and you change something about the situation to regulate the emotional  

 

 

Figure 1. Figure showing the sequence of processes involved in emotion generation and how cognitive control 

processes can be used to regulate them. The effects of the different regulating strategies are related to the stages 

of emotion generation that they influence. Figure adapted from Ochsner et al., 2012. 
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impact it might have on you, e. g. leaving a class reunion if your bullies showed up. While 

these strategies are likely to be efficient (Spielmans et al., 2011), they have received limited 

attention from neuroscientific research due to the difficulty in studying the phenomenon in 

the laboratory setting.  

A third group of strategies are attentional deployment strategies. These also involve 

altering stimulus inputs reaching consciousness, but without physically distancing oneself 

from a situation. The two most commonly studied forms of this strategy, is selective 

attention, which involves shifting one’s focus of attention toward or away from stimuli, and 

distraction, involving limiting the emotional impact of external stimuli by focusing the 

attention on internal information (Ochsner & Gross, 2005; Ochsner et al., 2012).  

A fourth group of strategies are those that involve cognitive change, which includes 

changing how one appraises the meaning of stimuli. Being one of the most cognitively 

complex strategies, drawing on many different higher cognitive processes, it is often 

considered to be the gold standard of emotion regulation (Ochsner et al., 2012). Findings 

from studies on cognitive change strategies typically generalise to other aspects of emotion 

regulation (Ochsner et al., 2012). Thus, most findings on emotion regulation impairments in 

people suffering from MDD is derived from studies based on cognitive change. The most 

commonly studied form of cognitive change is reappraisal. This involves reinterpreting the 

meaning of stimuli, including one’s personal relation to it, to change the emotional response 

(Ochsner et al., 2012).  

Finally, response modulation strategies, such as expressive suppression, target the 

systems for emotion-expressive behaviour, trying to alter the emotion by changing one’s own 

behaviour (Ochsner et al., 2012). 

Studies comparing the effect of different types of emotion regulation strategies have 

indicated that especially reappraisal, targeting the early stages of the emotion regulation 

sequence, can have downstream effects on several components of an emotional response 

(Kross & Ayduk, 2008; McRae et al., 2010; Urry & Phelps, 2009). Reappraisal also tends to 

have more positive long-term effects, changing one’s tendency to have an emotional response 

to a stimulus (Kross & Ayduk, 2008).  

There are numerous neural systems, both cortical and subcortical, involved in the 

emotion regulation circuitry (see Figure 2; Ochsner et al., 2012). We will for this purpose 

initially focus on four regions that have been most frequently observed in studies of emotion 

regulation more generally when it comes to generating emotion, before we take a closer look 

at three neural systems involved in specifically reappraising these emotions.  
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The first one is the amygdala, which is essential for perception and encoding of 

stimuli relevant to affective goals. The amygdala responds to many different types of stimuli 

but displays a bias toward cues signalling potential threats, e.g., facial expressions of fear 

(Cunningham, Arbuckle, Jahn, Mowrer, & Abduljalil, 2010). The second is ventral striatum, 

which specialize in detecting which cues predict reward or reinforcing outcomes (Knutson & 

Cooper, 2005). The third one is the ventromedial prefrontal cortex (vmPFC). vmPFC 

integrates valuations of stimuli made by the amygdala and ventral striatum with inputs from 

other brain regions, including medial temporal lobe systems that carry information about 

prior experiences with the stimuli, and brainstem motivational and prefrontal control centres 

bringing information concerning current goals (Roy, Shohamy, & Wager, 2012). Thus, 

vmPFC provide context and purpose to the positive or negative valuation of stimuli and will 

for instance activate differently to tasty but unhealthy food, depending on whether the 

persons goal is to eat healthy or not (Hare, Camerer, & Rangel, 2009). The fourth brain 

system involved is the insula, which is believed to play a role in visceral sensation, and has 

been implicated in negative emotions, like disgust, that have a clear visceral component 

(Craig, 2009; Critchley, Wiens, Rotshtein, Öhman & Dolan 2004; Nitschke, Sarinopoulos, 

Mackiewicz, Schaefer, & Davidson, 2006).  

 When it comes to generating and applying reappraisals, dorsolateral prefrontal cortex 

(dPFC) and posterior prefrontal cortex, along with inferior parietal regions, are involved in 

moving attention towards stimulus features relevant for reappraisal and keep reappraisal 

goals available, as well as the content of the reappraisal (Miller, 2002; Wager, Jonides, & 

Reading, 2004). Dorsal regions of the anterior cingulate cortex (dACC) are also implicated in  

reappraisal by monitoring the progress of the emotion regulation strategy (Botvinick, Cohen, 

& Carter, 2004). A third region involved in reappraisal processes is the regions of 

 

 

Figure 2. Neural systems involved in using cognitive strategies, like reappraisal, to regulate emotions (blue 

boxes), in generating those responses (pink boxes), and systems with an undefined or intermediary role in 

reappraisal (yellow boxes) Figure adapted from Ochsner et al., 2012. 
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ventrolateral prefrontal cortex (vlPFC), which may be active in choosing goal-appropriate 

reappraisal responses (Thompson-Schill, Bedny, & Goldberg, 2005). Finally, dorsomedial 

prefrontal regions (dmPFC) may also be active as they are implicated in attributing one’s 

own or others mental states (Mitchell, 2009).  

Deficits in the ability to regulate one’s emotion is hypothesised to be critical to the 

development, maintenance, and recurrence of depression (Berking & Wupperman, 2012), and 

is therefore also a potentially significant clinical target in treatment. In people suffering from 

MDD, abnormal circuits connecting cortical and subcortical regions, especially frontolimbic 

circuits, have been observed, and are hence hypothesised to underlie the neurobiology of 

depression (Joseph & Wayne, 2009). These circuits involve the medial prefrontal cortex 

(mPFC), orbitofrontal cortex, insula, anterior cingulate cortex (ACC), amygdala, 

hippocampus, and ventromedial parts of the basal ganglia (Drevets, Price, & Furey, 2008; 

Mayberg, 2003; Williams, 2016). In other words, many of the same neural systems involved 

in reappraisal specifically, and emotion regulation more generally, are hypothesised to be key 

mechanisms of depression.  

Elevated volume of and activity in limbic areas, especially the amygdala, have been 

implicated as a key risk factors in the pathogenesis of MDD (van Eijndhoven et al., 2011; van 

Eijndhoven et al., 2009). The “top-down” cognitive control mechanisms involved in 

reappraisal strategies result in frontal activity (Ochsner & Gross, 2005) that is predicted to 

downregulate parts of the limbic circuitry involving the amygdala, ventral striatum and 

nucleus accumbens (Phan et al., 2005). As patients with MDD show impairment in 

reappraisal specifically (e.g. Belden, Pagliaccio, Murphy, Luby, & Barch, 2015) and emotion 

regulation generally (e.g. Erk et al., 2010), the MCCE clearly predicts that patients with 

MDD will show reduced functional connectivity coupling areas of the frontal cortex and 

limbic structures (Arnold et al., 2012). As white matter facilitates communication between 

brain regions, improving our understanding of how white matter integrity potentially is 

reduced in people with MDD, especially between frontal regions and the limbic system, 

might inform development of future treatments of MDD.  

 

1.3 White Matter Abnormalities in People with MDD 

Abnormalities in circuits connecting frontal and limbic regions are hypothesised to 

lead to a so-called “disconnection syndrome”, where the regions of the brain fail to 

communicate properly, leading to the manifestation of depressive symptoms (Delaparte et al., 
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2015). In addition to the depressed mood, MDD is associated with motivational and cognitive 

difficulties. Connectivity impairments in frontolimbic circuits have been suggested to account 

for both the affective and the cognitive symptoms associated with MDD (Lee et al., 2008; 

Phillips, Drevets, Rauch, & Lane, 2003; Seminowicz et al., 2004). One way to address this 

possibility is by studying white matter tracts, which are essential for communication between 

brain regions (Delaparte et al., 2015; Sexton et al., 2009).  

Diffusion Tensor imaging (DTI) makes it possible to investigate structural brain 

connectivity in vivo by assessing measures of white matter like fractional anisotropy (FA), a 

measure indicating the directionality of water diffusion, reflecting the integrity or strength of 

white matter (Delaparte et al., 2015). The higher the FA value, the more restricted 

(anisotropic) is the diffusion. FA values in white matter pathways connecting the limbic and 

medial prefrontal cortex have been associated with functioning use of cognitive reappraisal 

(Zuurbier, Nikolova, Åhs, Hariri, & Desteno, 2013).  

Several DTI studies indicate that white matter tracts involved in the cortico-limbic 

circuits of emotion regulation show more integrity abnormalities in MDD patients compared 

to HCs (Murphy et al., 2012), e.g., superior longitudinal fasciculus (SLF), genu of corpus 

callosum, uncinate fasciculus (UF), forceps minor (FM), internal and external capsule, 

cingulum and anterior corona radiate (ACR) (Choi et al., 2015; Murphy et al., 2012; Zhang et 

al., 2011).  

Most of the DTI research on MDD has focused on elderly patients, and found diverse 

microstructural alterations, not only in the circuits connecting frontal and subcortical regions 

(Baldwin & O'Brien, 2002; Burns et al., 2010; Dalby et al., 2010; Sexton et al., 2009; Taylor 

et al., 2008; Yuan et al., 2007) However, due to structural differences in the brain related to 

age in both healthy people and people suffering from MDD, these findings cannot 

automatically be generalised to a younger population (Arnold et al., 2012). Though there are 

few robust studies on white matter connectivity in younger MDD patients, findings indicate 

similar patterns as with the older population. One DTI study on young adults found lower FA 

values bilaterally in prefrontal white matter in MDD patients compared to HCs (Li et al., 

2007). Two other studies addressing treatment-naïve first episode MDD patients found 

significantly lower FA values in the MDD group, which suggests that white matter 

abnormalities may be present early in the course of the disorder (Ma et al., 2007; Zhu et al., 

2011) Another TBSS study on middle-aged MDD patients, found a trend towards decreased 

FA within the left sagittal stratum, right cingulate cortex and posterior corpus callosum. The 

amount of decrease of FA was related to the severity of the disorder in the two latter regions 



 8 

(Kieseppä et al., 2010). Interestingly, an association has also been reported between lower FA 

values in distributed cerebral networks and poor response to antidepressant medication 

(Alexopoulos, Kiosses, Choi, Murphy, & Lim, 2002; Alexopoulos et al., 2008). 

Although the study by Kieseppä et al. (2010) reported trends supporting their 

hypothesis, there were no significant group difference in FA values between the MDD 

sample and HCs. Similarly, neither Abe et al. (2010) nor Delaparte et al. (2015) could find a 

significant difference between the two groups for FA and white matter volume in the entire 

brain, though significant relationships between depression severity and FA, and between the 

age of onset of MDD and FA in specific brain regions were reported in the latter (Delaparte 

et al., 2015). One study only found lower FA values in a subgroup of participants with 

melancholic MDD (Korgaonkar et al., 2011).  

Sex differences have also been reported in relation to white matter differences in 

MDD. In several neural systems involved in the emotion regulation circuit, like the cingulum, 

the splenium of corpus callosum and SLF, men have shown a higher FA than women in 

healthy samples (Inano, Takao, Hayashi, Abe, & Ohtomo, 2011). Some studies suggest that 

these effects might be mediated by MDD related factors, like a difficult childhood (Ugwu, 

Amico, Carballedo, Fagan, & Frodl, 2015). The variable findings may indicate that specific 

subgroups of MDD patients are more likely to show abnormalities in white matter integrity 

than others. Furthermore, they may illuminate why MDD is more prevalent in specific 

groups, such as women.   

Interestingly, one study on middle-aged MDD patients by Arnold et al. (2012) showed 

increased FA within the left amygdala in the patients, in addition to increased connectivity 

from the left amygdala to the hippocampus, the cerebellum and the brain stem, contradicting 

earlier studies suggesting a disconnection syndrome (Sexton et al., 2009). On the other hand, 

altered microstructure, possibly reflecting decreased cell density, was found in the mPFC, 

indicating a possible impairment in emotion regulation (Arnold et al., 2012). Heightened 

connectivity between amygdala and other regions than the PFC may even reflect 

compensation for the lack of input from frontal regions.  

While FA is the most commonly reported measure in DTI studies, it is considered a 

non-specific marker of tissue pathophysiology, and there are other measures, like mean 

diffusivity (MD) and radial diffusivity (RD), that could provide additional evidence about the 

mechanisms underlying white matter pathology and disorder processes (Song et al., 2002). 

MD reflects the total magnitude of diffusion in a given voxel, regardless of the direction 

(Bijanki et al., 2015), and higher MD is said to indicate ischemic white matter damage. 
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Studies using a DTI sequence known as fluid-attenuated inversion recovery (FLAIR) imaging 

have identified a strong association between higher MD measures and measures of white 

matter lesion volumes (Shimony et al., 2009). This is also frequently observed in vascular 

diseases with a known association to depressive symptoms (Bijanki et al., 2015). RD on the 

other hand, reflects diffusivity perpendicular to axonal fibres, and is positively correlated 

with dismyelination and demyelination, both white matter abnormalities seen in diseases such 

as multiple sclerosis (Hayakawa et al., 2014). As with FA, much is uncertain about how MD 

and RD levels are associated with MDD (Choi et al., 2013), but differences in MD in the 

body and splenium of corpus callosum have been linked to differences in emotion regulation 

(Vandekerckhove, Van Hecke, Quirin, & De Mey, 2018) and greater RD levels have been 

found in UF and the cingulum (Shaw et al., 2015), to mention a couple of studies where MD 

and RD are associated with emotion regulation and depression.  

In sum, the mixed findings, combined with methodological differences, make it hard 

to draw any certain conclusions about the role of white matter in MDD (Delaparte et al., 

2015). Uncertainty concerning the role of white matter integrity in people with MDD 

indicates an urgent need for further research. As of today, very few studies investigating DTI 

data operate with MDD samples of an ample size (most ranging from n=14 to 45) (Delaparte 

et al., 2015) - possibly limiting the validity of current literature on the matter. The largest 

published DTI study comparing MDD patients and HCs consists, to my knowledge, of 134 

MDD patients and 54 HCs (Choi et al., 2013). Unlike our study, however, Choi et al. 

screened MDD patients with current depression. Our study is to date larger than any other 

DTI study comparing MDD patients and HCs. 

 

1.4 Research Questions and Hypotheses  

We set out to further investigate the white matter integrity in the whole brain of 151 

people with MDD and 72 HCs, to examine potential differences in structural connectivity, as 

well as the association between any such differences and differences in the ability to regulate 

emotions. The white matter integrity was quantified by three DTI measures: fractional 

anisotropy (FA), mean diffusivity (MD) and radial diffusivity (RD).  

We hypothesised that the MDD group would show a lower mean FA and higher MD 

and RD than the HCs. We also addressed a possible association between abnormalities in 

white matter integrity and severity of depression: hypothesising a negative correlation 

between FA values and the level of depressive symptoms, as measured by the Beck 
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Depression Inventory (BDI) and the Hamilton Rating Scale for Depression (HRSD), and a 

positive correlation between the two other white matter measures (MD and RD) and number 

of depressive symptoms.  

To examine if any significant differences in white matter between the two groups are 

mediated by emotion regulation abilities, we investigated the association between the 

Cognitive Reappraisal (CR) facet on the Emotion Regulation Questionnaire (ERQ) and white 

matter measures within areas of significant group differences in the MDD group and HC 

group respectively. 
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2 Materials and Methods 
 

This study is part of the “Secondary prevention of depression applying an experimental 

Attentional Bias Modification procedure” project at the Clinical Neuroscience research 

group, led by professor Nils Inge Landrø. The work was supported by grants from the 

Research Council of Norway (project number 247372) and the South-East Norway Health 

Authority Research Funding (project number 2015052). DTI data was collected through MRI 

scanning of 151 subjects with a history of MDD, mainly recruited from Diakonhjemmet 

Hospital, Psychiatric Department Vinderen in Oslo, and 72 HCs. The study was approved by 

The Regional Ethical Committee for Medical and Health Research for Southern Norway 

(2014/217/REK sør-øst D). 

 

2.1 Participants 

Participants were recruited from an outpatient population at three clinical sites, by 

local advertisements, and via advertisements in social media. Patient records at the clinical 

sites were searched for patients treated for at least one former episode of major depression 

(last 5 years).  To be eligible for the patient group, individuals had to have experienced 

depressed mood or loss of interest or pleasure during the same two-week period that also 

represent a change from previous function according to primary diagnostic criteria for MDE 

from Mini International Neuropsychiatric Interview (M.I.N.I 6.0) (Lecrubier, Sheehan, 

Hergueta, & Weiller, 1998). Potential participants were thereafter pre-screened over phone 

for exclusion criteria prior to formal clinical evaluation and enrolment. Individuals diagnosed 

with current- or former neurological disorder, psychosis, bipolar spectrum disorders, 

substance use disorders, attention deficit disorder, or head trauma were excluded via pre-

screening. A healthy control group was recruited via social media and local advertisements. 

Informed consent was obtained before enrolment.  

 

2.2 Clinical Measures 

Clinical screening was conducted through the M.I.N.I 6.0 (Lecrubier et al., 1998) in 

accordance with DSM-IV diagnostic criteria for MDD. The level of depressive symptoms 

was measured by self-report scales the Beck Depression Inventory (BDI; Beck, Steer, & 
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Carbin, 1988) and by rater evaluation as evaluated by the Hamilton Rating Scale for 

Depression (HRSD; Hamilton, 1960). 

Emotion regulation was measured by the ten-item self-rating scale Emotion 

Regulation Questionnaire (ERQ; Gross, John & Diener, 2003). Six of the ten items measure 

the respondents’ tendency to regulate their emotion through cognitive reappraisal. Together 

these six items make up the Cognitive Reappraisal (CR) facet (Gross, John & Diener, 2003). 

 

2.3 MRI Acquisition 

Scanning was conducted on a 3T Philips Ingenia whole-body scanner, with an 8 

channel Philips SENSE head coil (Philips Medical Systems) at the Intervention Centre, 

Rikshospitalet, Oslo University Hospital. The diffusion-weighted images were acquired using 

a dual spin echo, single-shot EPI sequence, 32 non-collinear directions, b-value = 

1000s/mm2, TR/TE = 7200/86.5ms, FOV = 224 × 224 mm2, 112 × 112 matrix, 2.0 × 2.0 × 

2.0 mm voxels. Additionally, gradient echo field maps were acquired to correct for magnetic 

field inhomogeneity using TR/TE1/TE2 = 10462/54/54ms, flip angle 90°, 112 × 112 matrix, 

60 transverse slices, 2.0 × 2.0 × 2.0 mm voxels. 

 

2.4 Image Processing and Statistical Analyses 

Whole-brain voxelwise statistical analyses of the FA, MD and RD data were carried 

out using Tract-Based Spatial Statistics (TBSS; Smith et al., 2006), part of FSL (Smith et al., 

2004).  

All DTI images were corrected for eddy-current-induced distortions and head motion 

by means of an affine registration to the reference (B0) volume (Andersson & Sotiropoulos, 

2015), and brainextracted using BET (Smith, 2002). All subjects' FA data was aligned into a 

common space using the nonlinear registration tool FNIRT, which uses a b-spline 

representation of the registration warp field (Rueckert et al., 1999). Next, the mean FA across 

participants and time points were created based on the FA image that had the smallest amount 

of average warping when used as a target. Mean diffusivity (MD) was defined as the mean of 

all three eigenvalues [(λ1 + λ2 + λ3)/3], and RD as the mean of the second and third 

eigenvalues [(λ2 + λ3)/2].  

The target was affine-aligned into MNI152 standard space and this target-to-MNI152 

affine transform was combined with each participant's nonlinear transform to the target. This 

single transform was then applied to each subject's FA image bringing each image into 
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standard space in one transformation. The resulting standard space FA images were then 

averaged and thinned to create a mean FA skeleton, which represents the centres of all tracts 

common to the group. The threshold for the mean FA skeleton was set at > 0.2 to reduce the 

likelihood of partial volume in the borders between tissue classes. Each subject's aligned FA 

data was then projected onto this skeleton and the resulting data fed into voxelwise cross-

subject statistics. The MD and RD data were also aligned into MNI152 space and projected 

onto the mean FA skeleton by using the FA data to find the projection vectors.  

The subject-specific FA, MD and RD data were submitted to non-parametric 

permutations testing for voxel-wise statistical analysis using FSL’s randomise tool (5000 

permutations) (Nichols & Holmes, 2002; Winkler, Ridgway, Webster, Smith, & Nichols, 

2014), using threshold-free cluster enhancement (TFCE; Lett et al., 2017) for statistical 

inference. Correction for multiple comparisons at p < 0.05. FSL’s GLM was used to set up 

different contrasts to test for group differences (MDD > HC, HC > MDD), and correlation 

with HRSD and BDI scores. Further, contrasts were set up to test for correlation of CR scores 

with the DTI measures across both groups, and separately for the patient and control groups. 

We also ran a separate analysis where we included number of depressive episodes as a 

covariate. 

All TBSS results are presented in MNI-1 mm space, based on the standard FA 

template image in the FSL package. The JHU ICBM-DTI-81 White Matter Label Atlas is 

used to identify affected areas. The JHU White-Matter Tractography Atlas was used in cases 

where the ICBM atlas was inadequate. All results are corrected for multiple comparisons. 

Sex and age are both factors that is thought to be related to white matter differences 

(Inano et al., 2011; Ugwu et al., 2015). Hence, they were controlled for in all analyses. We 

also ran a separate analysis where we included number of depressive episodes as a covariate. 

We ran three bivariate two-tailed Pearson correlations. The first correlation included 

CR scores and FA, MD and RD levels in significant areas in all subjects. Further, separate 

analyses were run to establish the association between CR scores and white matter integrity 

in the patient group alone and in the HC group alone.   
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3 Results 
 

There were no significant differences between the two groups when it came to 

demographical variables, such as age, sex and educational level. The two groups show 

significant differences (p<.001) when it comes to depressive symptom scores, as measured by 

BDI and HRSD scores, and emotion regulation scores, as measured with CR scores (see 

Table 1). 

 

Table 1. Table showing the mean value and standard deviation of demographical variables and BDI, HRSD and 

CR scores in the two groups, including the p-value of the group differences. P denotes the p-value from group 

comparisons using Chi-Square test for sex and Mann-Whitney U tests for the rest.  

 

 MDD GROUP (N=72) HC GROUP (N=151) P-VALUE 

AGE 38.72 (13.7) 42 (13.3) .096 

SEX 0.70 (0.5) 0.65 (0.5) .461 

EDUCATIONAL LEVEL (ISCED) 6.04 (1.1) 5.97 (1) .684 

BDI SCORES 10.35 (9.4) 1.54 (2.9) > .001 

HRSD SCORES 7.87 (5.5) 2.8 (2.1) > .001 

CR SCORES 25.6 (6.8) 30.01 (6.6) > .001 

 

 

3.1 DTI Measures 

Significant group differences between MDD patients and HCs were found on all three 

white matter measures.  

 

Significantly lower FA values were found in the patient group compared to the HC 

group (see Figure 3; p<.05 uncorrected), in the left ACR (see Figure 4; voxels centring at [-

17, 30, 19] in MNI coordinates).  
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Figure 3. Boxplot showing median FA across significant voxels together with 50th percentile of the mean and 

95% confidence interval (whiskers). Potential outliers are marked above 1.5 SD of the 50th percentile (circles).   

 

 

 

Figure 4. Area of significant differences in FA where patients show a lower value than HCs. 

 

 

The patient group showed significantly greater MD compared to the HC group on the 

MD skeleton (see Figure 5; p<.05 uncorrected). Several significant areas of change were 

located, in the cingulum (See Figure. 6; voxels centring at [-10, -21, 32] in MNI coordinates) 

(the left anterior limb of internal capsule (voxels centring at [-16, 9, 8]), the right 

retrolenticular part of internal capsule (voxels centring at [29, -26, 11]), the left ACR (voxels 
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centring at [-21, 30, 18]), the left UF (voxels centring at [-22, 34, 25]), and the FM (voxels 

centring at [-20, 43, 18], [-19, 45, 15] and [-19, 40, 18]).  

 

 

Figure 5. Boxplot showing median MD across significant voxels together with 50th percentile of the mean and 

95% confidence interval (whiskers). Potential outliers are marked above 1.5 SD of the 50th percentile (circles).  

 

  

 

Figure 6. Areas of significant differences in MD where patients show a greater value than HCs. 

 

 

The patient group showed higher RD compared to the HC group (see Figure 7; p<.05 

uncorrected), in the splenium of corpus callosum (see Figure 8; voxels centring at [-8, -31, 
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24] in MNI coordinates) and the right SLF (voxels centring at [35, -59, 24] in MNI 

coordinates).  

 

 

Figure 7. Boxplot showing median RD across significant voxels together with 50th percentile of the mean and 

95% confidence interval (whiskers). Potential outliers are marked above 1.5 SD of the 50th percentile (circles).   

 

 

 

Figure 8. Areas of significant differences in RD where patients show a greater value than HCs. 
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The analyses controlling for number of depressive episodes gave similar results. This 

indicates that the abnormalities in white matter integrity seen in MDD patients is not 

mediated by how many depressive episodes the patients have experienced.  

In the analyses comparing DTI values with the severity of depression symptoms (as 

measured by HRSD and BDI scores) no areas of significant differences were found in any of 

the white matter measures.  

 

3.2 Emotion Regulation Measures 

There was a significant but weak negative correlation between CR scores with MD in 

areas showing case-control differences (r= -.167, p = .013; see Figure 9). There was no 

significant correlation between CR scores with FA (r = .043, p = .525) or RD (r= -.122, p = 

.070). Correlations run only on the patient group show no significant correlations between 

any of the white matter measures and CR. Nor were there any correlations between any of the 

white matter measures and CR in the HC group alone. 

 

 

Figure 9. Scatterplot showing a weak negative correlation between CR scores and MD in areas with case-

control differences (r= -.167, p = .013). 



 19 

4 Discussion 
 

4.1 Primary Objective 

The present study is, to our knowledge, the largest investigation of white matter 

integrity in people with MDD currently in remission conducted to date. In line with MCCE 

and our hypothesis, we found that the MDD group showed lower mean FA and a higher MD 

and RD than the HC’s in several brain regions related to emotion regulation circuits. In FA 

reduced white matter integrity in the MDD group was found in the left ACR. In MD the 

affected areas involve the cingulum, the internal capsule, UF, ACR and FM. In RD changes 

in white matter integrity were found in splenium of corpus callosum and SLF.  

In our study we saw that frontolimbic circuits like the UF were affected. However, 

our analyses also detected other affected areas, like ACR and the internal capsule, both 

containing parts of the corticospinal a pathway involved in human motor control (Kim et al., 

2008). Though not a part of frontolimbic circuits, these areas have been linked to emotion 

regulation deficits in previous studies (Choi et al., 2015; Murphy & Frodl, 2011). Areas like 

these would not have been detected using an ROI based approach only focusing on 

frontolimbic circuits, highlighting a strength of our whole-brain approach.  

Interestingly, our findings indicate that different DTI measures are sensitive to white 

matter abnormalities in different brain regions. No areas were significantly different between 

participants with MDD and HCs on all three measures, and only ACR was significantly 

different on two of the measures: FA and MD. The other brain areas only show significant 

change in either MD or RD. In FA, only the ACR was significantly different between the two 

groups. The reason for this diversity may be as simple as the fact that the three measures are 

sensitive to three different kinds of change in white matter. White matter in all significant 

areas might be affected by MDD but would not have been detected with one of the DTI 

measures by themselves, as they are not sensitive enough to detect small differences alone. A 

change in the radial diffusion may for instance indicate abnormalities in white matter, but 

may not manifest itself in FA differences, at least not early in the course of change.  

Methodological factors may also have had an impact on the results. There are areas in 

the brain that are thought to be particularly likely to give false positive findings in FA 

analyses because of their well-known frontal distortion in DTI images, including areas 

surrounding the sinuses and the corpus callosum (Wu et al., 2008). However, these areas 
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were excluded from the analyses as part of the TBSS analysis pipeline to reduce error. The 

modest result of FA changes in the MDD group compared to previous studies may be due to 

these stringent corrections, and thus, lack of false detection.  

Sex and age are both factors that are thought to be related to white matter differences 

(Inano et al., 2011; Ugwu et al., 2015). Hence, they were corrected for in all analyses. And 

indeed, analyses ran with no correction for sex and age gave no significant group differences 

between the MDD group and the HC group on any of the white matter measures. Further 

inspections should be made to clarify the relation between age, sex and white matter 

abnormalities in MDD. 

Nevertheless, our findings indicate a risk factor for the disease, present in patients 

currently in remission. The manifestation of abnormalities in white matter integrity should be 

investigated more carefully to get a complete and thorough understanding of the disorder. 

Furthermore, this knowledge can aid us in making treatments target the processes responsible 

for relapse more directly and efficiently.  

 

4.1.1 No Mediating Effect of Number of Episodes 

We found no significant mediating effect of the number of depressive episodes on 

white matter integrity. While it remains unclear whether white matter integrity differences 

between people with MDD and HCs reflect a cause or an effect of the disease, the fact that 

number of depressive episodes does not seem to mediate the effect of white matter 

differences implies that these irregularities are not accelerating effects of an ongoing decease. 

The abnormalities may rather represent a generating mechanism, possibly causing depressive 

symptoms to emerge, or alternatively, changes that emerge and stabilize after the first 

incident of MDD. However, this interpretation should be made with caution, as the lack of 

significant modulation by number of episodes is not evidence for the null hypothesis.   

 Assuming, however, that the number of depressive episodes indeed does not affect 

white matter integrity, why is it that the number of depressive episodes seems to increase the 

risk of additional relapses? Microstructural alterations within the amygdala have been 

suggested as key factor in the pathogenesis of MDD. The amygdala has been found to have 

abnormal microstructure even following remission of the disorder (Arnold et al., 2012). It 

would be interesting to do a correlational study to investigate the association between number 

of depressive episodes and amygdala alterations. This could be further enlightened by other 

MRI methods, like volumetry (Martinkovic, Kalina, Adam, & Marusic, 2013). If changes in 
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amygdala are positively correlated with number of episodes, this could explain how the 

likelihood of relapse increases with every new episode. On the other hand, it is unlikely that 

structural changes like these would not also be reflected in white matter change.  

Another possibility is that the alleged effect of number of episodes on likelihood of 

relapse, is mediated by the number of residual symptoms, which is associated with the 

number of previous episodes (Serafini et al., 2018). If so, white matter abnormalities are 

likely to increase the risk of relapse; not necessarily in those who have had most previous 

episodes, but in those with most residual symptoms.  

 

4.2 Secondary Objectives 

4.2.1 White Matter Integrity and Depression Severity 

One of our secondary objective was to associate white matter measures of mechanism 

with symptom severity as measured by self-report scales. We hypothesised a negative 

correlation between FA values and the level of depressive symptoms, as measured by the 

Beck Depression Inventory (BDI) and the Hamilton Rating Scale for Depression (HRSD), 

and a positive correlation between the two other DTI measures (MD and RD) and the number 

of symptoms. Even though some recent and similar studies have detected clear relationships 

between white matter alterations and depression severity (Cole et al., 2012; Heiden et al., 

2005; Nobuhara et al., 2006) and the number of depressive symptoms seems to have a 

negative relationship with white matter integrity (McIntosh et al., 2013), our study could not 

detect any significant relationship between any of the three DTI measures and the amount of 

symptoms as measured by BDI and HRSD in any areas of the brain.  

One possible explanation for this disagreement with the earlier studies is that the 

previous findings are in fact false positives due to the lack of correction for areas of high 

distortion risk. The genu of corpus callosum is often reported as the most prominent area in 

this regard (Choi et al., 2013; Wu et al., 2008), and in the study by Cole et al. (2012) corpus 

callosum is one of the areas being highlighted as most affected by severity of depression. In 

the study by Nobuhara et al. (2006) it was inferior frontal brain regions that suggested an 

inverse relation between FA and depression severity, but this effect was only evident for a 

very restricted area. Finally, in the study by Heiden et al. (2005) affected areas are not further 

specified. Importantly, most studies comparable to ours also report no statistically significant 

correlations between DTI measures and depression severity (Abe et al., 2010; Bae et al., 

2006; Choi et al., 2013; Li et al., 2007; Yang, Huang, Hong, & Yu, 2007) and come to 
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similar conclusions as we offer here: The severity of the depression does not seem to have an 

impact on the white matter abnormalities in people with a history of MDD currently in 

remission. Hence, patients with greater burden of the disease are not more likely to have 

integrity alterations. This indicates that the abnormalities seen in white matter are somewhat 

either-or: on a group level there are more abnormalities seen in people with depression 

history, but these abnormalities do not vary with neither the number of symptoms or 

depressive episodes. 

Another plausible explanation is that our sample is different from that of previous 

studies that could detect such associations. In our sample, most of the participants in the 

MDD group had a history of mild to moderate episodes of depression. The results might have 

been different had we included patients of more severe depression, thus increasing the 

statistical dispersion of the sample.  

 

4.2.2 White Matter Integrity and MCCE 

Based on the MCCE, any differences in white matter integrity between MDD patients 

and HCs, should be associated with differences in emotion regulation. Thus, another 

secondary objective of our study was to examine the association between emotion regulation, 

i.e. cognitive reappraisal strategies, and white matter measures within areas of significant 

case-control differences in white matter integrity. Our study could not find any link between 

alterations in white matter integrity and emotion regulation in either the MDD or the HC 

group when measured separately. We found a weak negative correlation between MD in 

significant areas and the CR scores when we ran analyses on all subjects. It is possible that 

these findings were only found due to increased statistical power from increasing the sample 

size to include all subjects, as the effect was completely absent when analysing the two 

groups separately.   

If these neurobiological changes in white matter are not a demonstration of emotion 

regulation defaults, as the MCCE suggests, then what is it? One possible explanation is that 

they are an expression of ineffective attempts at regulating negative emotions, such as 

rumination, rather than the deficits in emotion regulation itself. This interpretation is 

supported by one DTI study that found that ruminative thinking patterns were particularly 

associated with greater abnormalities in white matter (Zuo et al., 2012).  

 It might also be that reducing the emotion regulation measure to the CR facet only, as 

was done in our study, made the measure too narrow to comprise the complexity of emotion 
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regulation. Comparing ERQ values in its whole could possibly have resulted in a clearer 

association between emotion regulation and FA, MD and RD values in the significant areas. 

However, the rest of the items of the ERQ make up the Expression Suppression (ES) facet 

(Gross et al., 2003), and according to the MCCE it is primarily the cognitive control of 

emotion that is hypothesized to be affected in people with MDD, and not the expression 

suppression ability. Therefore, investigating a possible association of the ERQ in its entirety 

was beyond the scope of the present study, but is highlighted here as a potential target of 

future investigation. 

 Another possible explanation for the negative findings is that the deficits in emotion 

regulation seen in people with residual depression do not reflect a disconnection syndrome 

where frontal and limbic structures fail to communicate, as much as it reflects elevated 

volume and activity of the amygdala (van Eijndhoven et al., 2011; van Eijndhoven et al., 

2009). It might be that the changes seen in white matter essentially reflects changes in the 

amygdala, rather than changes in emotion regulation systems, in this particular sample of 

patients in remission. In this regard antidepressant medication (ADM) can be successful in 

preventing relapse in people with a history of MDD by reducing the amygdala hyperactivity 

(Drevets, 1999), and thus targeting the underlying mechanisms of the disease. 

 Studies have shown that cognitive control training (CCT) for people suffering from 

MDD helps to reduce depressive symptoms (Siegle, Ghinassi, & Thase, 2007). The use of 

CCT in treatment of MDD should therefore be considered, regardless of whether deficits in 

cognitive control of emotions is directly related to white matter integrity or not. Similarly, 

cognitive behavioural therapy (CBT) has shown to have positive effect on people with MDD 

as its goal is to replace automatic emotional reactivity with more controlled processing of 

emotions. By identifying negative thoughts and beliefs and learning to distance oneself from 

them, CBT might boost prefrontal inhibitory control, and thereby diminish the automatic 

limbic reaction (Robert, Greg, & Steven, 2008). It would be of great interest to test if patients 

successfully treated with CBT showed differences in white matter integrity compared to 

patients with no CBT treatment and HCs. Imaging methods conducted prior to and after 

emotion related treatments regimes may be used as predictors and markers of improvement. 

Furthermore, these results could enhance our understanding as to why some patients recover 

and whether different treatments (e. g. ADM treatment versus CBT) have different 

mechanisms of action (Ochsner et al., 2012). 

As emotion regulation differences do not seem to be related to differences in white 

matter, they most likely represent two separate processes linked with MDD. Even though 
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differences in emotion regulation between patients in remission and HCs are present (see 

Table 1), it is possible that the deficits in emotion regulation is first and foremost a symptom 

seen in people with current depression, due to the ongoing disease, and not as prominent in 

people on remission. The changes in white matter, on the other hand, might represent more 

stable and latent processes of MDD. In this case, treatment should target emotion regulation 

only when the patient has an ongoing depression, and only to decrease a troublesome side 

effect of the disease. Treatment aimed at preventing relapse however should target underlying 

mechanisms more directly.  

Overall, our study could not support the MCCE in its assumption that changes in 

white matter integrity are related to deficits in cognitive control of emotion in people with 

MDD currently in remission. However, this study does not address whether the MCCE 

predictions on white matter integrity and cognitive control of depression is valid in a sample 

of patients with ongoing depression.   

 

4.3 A Possible Subgroup of MDD 

Even though our study has a larger sample than any previous study of its kind, to 

simply reject all previous findings based on smaller sample sizes alone would be unwise. A 

shared challenge concerning the validity faced by this and all similar studies, is the 

heterogeneity of the major depressive disorder. It is a disorder with multiple likely aetiologies 

and pathological courses. In light of this, the results of our study may provide us some 

clinically relevant insights. Current literature indicate that white matter integrity varies with 

subgroups of MDD patients (treatment-resistant, late-onset, melancholic patients etc.) 

(Delaparte et al., 2015; Korgaonkar et al., 2011). To our knowledge, no study has had enough 

patients of each of the different subgroups to assess this matter thoroughly. Using different 

samples dividing the patients into specific subgroups may reveal interesting findings. For 

instance, one could differentiate between MDD patients with and without melancholic 

symptoms or between patients responding well and patients responding badly to ADM. In the 

latter example, alternative forms of treatment (e.g., different medications more directly aimed 

at white matter alterations) may be more suitable treatment than ADMs. In patients with 

multiple sclerosis (MS) the prevalence of depression is much higher than in the general 

population (Leddy, Fowler, Giovanonni, & Dobson, 2014). The elevated prevalence rate has 

been hypothesised to be related to white matter lesions in cortical or subcortical brain areas 

(Bakshi et al., 2000). In these cases, medications directly aimed at white matter restoration, 
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could be a more suitable alternative to ADM. On the other hand, ADM has shown to be 

successful in treating depression in MS patients (Leddy et al., 2014). 

 

4.4 Gene-by-Environment Interaction Effects 

The present study cannot reveal if the observed changes in white matter are due to 

genetic or environmental factors. Various biomarker methods could however enlighten this 

matter. Several studies indicate a strong degree of genetic influence on the development of 

MDD, with heritability measures mostly ranging from 30 to 40% (Sullivan, Neale, & 

Kendler, 2000). Brain-derived neurotrophic factor (BDNF) is a protein involved in several 

neuropsychiatric diseases like MDD, and thus, polymorphisms in the BDNF gene has been 

linked to linked to various MDD-related phenotypes, e.g., vulnerability to MDD, response to 

ADM and suicidal behaviour (Dwivedi, 2009; Polyakova et al., 2015). We also know that 

different kinds of life events predict risk for MDD (Kendler, Karkowski, & Prescott, 1999; 

Pine, Cohen, Johnson, & Brook, 2002). However, there is consensus that MDD is not caused 

by genetic factors or environmental factors alone but is the product of an interaction between 

the two. Caspi et al. (2003) illustrated this with their discovery that a polymorphism in the 

promoter region of the serotonin transporter gene 5-HTT moderated the influence of stressful 

life events on MDD. Interestingly, associations have been found between polymorphism of 

the 5-HTT gene and frontolimbic white matter pathways, more specifically the UF (Pacheco 

et al., 2009; Jonassen et al., 2012). From this one may further infer that white matter 

alterations due to genetically dispositions can lead to increased sensitivity for emotionally 

stressful situations and vulnerability for depression.  

However, while new approaches, like whole-genome methods, make the process of 

finding relevant risk genes much easier and effective, and yield novel insights, it has gotten 

clearer that the genetic architecture of MDD is so complex that the effects of common genetic 

variants on the disease typically accounts for much less than 1% of the phenotypic variance 

(Munafò, 2012). Nevertheless, new whole-genome methods are believed to provide important 

insight and may potentially lead to the development of more appropriate treatment methods 

than those we have today, for instance by using the results for drug repositioning (Philippe et 

al., 2012).  

Improving our knowledge of how gene-by-environment interaction effects work, and 

which factors affect integrity abnormalities in white matter the most, may help us initiate 

proper treatment or preventing measures. Mental disorders are complex, with multiple 
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aetiologies (e.g. biological, psychological and physiological factors) which in turn interact 

with the environment and with each other. Addressing mechanisms on several different 

levels, both responsible for onset and for maintenance of the illness, is important both for the 

prevention of and recovery from psychopathology (Holmes et al., 2018).  

 

4.5 Methodological Implications 

Depending on which appraisal techniques are being conducted, different areas of the 

brain tend to activate (Williams, 2016). Conducting a voxel-based analysis of the entire 

brain’s mean fibre integrity, like TBSS, could give us a rather complete picture of how white 

matter integrity is related to deficits in cognitive control. A region of interest (ROI) based 

analysis has the advantage of being more hypothesis directed and less statistically constrained 

by control for multiple comparisons. However, as there is reason to believe that other white 

matter circuits than the frontal-subcortical circuit are also affected in emotion regulation, the 

explorative advantage of TBSS should not be underestimated. Analyses limited to ROIs 

cannot detect any differences outside of the chosen ROIs. 

TBSS also has the advantage of being robust against alignment issues often seen with 

whole-brain analysis methods like voxel-based morphometry (VBM) analysis of FA 

(Bookstein, 2001; Davatzikos, 2004), as it extracts a skeleton based on all subjects to 

represent the centre of all tracts. This is done by choosing those voxels perpendicular to tracts 

that has the highest FA (Smith et al., 2006). 

Another way to examine DTI differences is by using various tractography approaches. 

Probabilistic tractography allows for investigation along specific tracts that are hypothesised 

to be affected, rather than discrete parts of the brain (Behrens, Berg, Jbabdi, Rushworth, & 

Woolrich, 2007). Diffusion connectometry is another statistical approach that focus on 

specific tracts, using density of diffusing spins as a measure of connectivity (Yeh, Badre, & 

Verstynen, 2016). However, in this approach you lose the exploratory benefit of whole-brain 

analyses, and it requires manual intervention to specify tracts, potentially a source of bias. 

TBSS is more automatic and robust against alignment issues as it compares FA taken from 

tract centres from all subjects via skeletonisation (Smith et al., 2006).  

However, hypothesising that abnormalities in white matter integrity stem mainly from 

cognitive control aberrations, the neurobiology of MDD may not involve white matter 

integrity in and of itself, but rather abnormalities in white matter connections between brain 

regions involved in emotion regulation. Accordingly, tractography approaches, or other 
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structural connectivity analyses, based on diffusion-weighted data, may be even more 

accurate in detecting those abnormalities than analyses only focusing on white matter 

integrity (Choi et al., 2013).  

While most studies only use one method to examine white matter abnormalities, all 

methods have unique contributions to the analysis. Combining TBSS, ROI and tractography 

approaches has the potential of offering a more comprehensive and precise picture of white 

matter anomalies in MDD than only using one.  

 

4.6 Limitations and Implications for Future Research 

When it comes to limitations concerning our study it is worth mentioning that the 

clinical screening was administered by several different raters, which may have convoluted 

the sample to a certain extent.  

There are also some general limitations related to DTI research worth mentioning. 

The tensor describing the linear relation of the diffusion process within the defined white 

matter in DTI analyses is for example an oversimplification of the reality. Specifically, the 

fitted tensors only describe motion of water diffusion within tissue (Westin et al., 2002). 

Further we try to infer something about of the underlying structure, and this is not without 

difficulty. FA decrease in white matter may for instance be caused by either axonal 

breakdown or myelin breakdown (Aung, Mar, & Benzinger, 2013). Additionally, many 

different effects can underlie identical changes in FA, MD and RD, e.g., both swelling of 

glial cells and higher density in white matter will result in an increase in FA and a decrease in 

MD and RD (Mandl et al., 2008), while both myelin loss and cell death will cause a decrease 

in FA and an increase in MD and RD (Iadecola & Anrather, 2011).   

Another aspect that might contaminate the DTI results is that meeting tracts and 

crossing bundles may result in artificially low FA data but is in reality a result of increased 

geometric complexity in the white matter that cannot be captured by the tensor model (Caan 

et al., 2010). The tensor will turn out pancake-shaped (oblate), which is the shape we 

associate with low FA and unrestricted diffusion in many directions, instead of prolate 

shaped, which is the shape we get when diffusion is restricted, and the FA is high (Westin et 

al., 2002). Interpretation of changes between groups in these areas is even more complicated 

as the changes can be caused by any of the two bundles that are crossing, or by both. 

Increased FA values in these areas may paradoxically reflect loss of crossing fibres in 

patients but give a distorted impression of high white matter integrity. Thus, theoretically, the 
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changes between the two groups may be even higher in areas where the patients show an 

artificially high level of FA due to loss of crossing fibres, and thus less geometric complexity. 

MD and RD are also non-specific markers and have the same methodological issue (Hamza 

et al., 2016).  

The splenium of corpus callosum is an example of such an area where fibre bundles 

are crossing. In our study we found that RD was higher in the MDD group than HCs in this 

area. Thus, these finding should be interpreted with caution. It is not inconceivable that the 

differences in the splenium of corpus callosum detected in our study are artificially small. 

Nor is it unlikely that similar changes in FA and MD in this area were not detected due to 

crossing fibres.  

There are methods that can be combined with FA, MD and RD to closer investigate, 

and better understand, the underlying structure, like quantification of the mode (Ennis & 

Kindlmann, 2006). Estimating the mode from the tensor eigenvalues is especially beneficial 

for areas where we encounter ambiguities. It gives you an idea of whether the tensor has a or 

a planar shape, indicating two strong fibres crossing within that voxel, or a tubular shape, 

indicating one strong fibre, and a highly anisotropic voxel, like in the corpus callosum (Ennis 

& Kindlmann, 2006).  

There are also several topics we would prefer to have been able to scrutinise more 

thoroughly, for instance if we could find a mediating effect of residual symptoms on how the 

number of previous episodes is associated with risk of relapse, and how this effect might be 

related to changes in white matter integrity. It would also be interesting to have a closer look 

at the participants’ genotype to see if their genetic makeup were in any way related to the 

white matter abnormalities, or to investigate the brain more carefully using other brain 

imaging techniques, like fMRI or volumetry to get a more complete picture of how the brain 

is affected in people with a history of MDD. It was not for lack of data that we could not 

pursue these objectives, but it was outside the scope of this paper.  

Further investigation of different samples of subgroups of depression would also shed 

important light on which subgroups of patients are most affected by these neurobiological 

changes. Comparing patients with current depression and patients with a history of MDD 

should also be of high-priority as our study imply that the MCCE needs to be modified and 

advanced to count for MDD patients in remission.  
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5 Conclusion 
 

 The present results suggest that abnormalities in white matter integrity may play an 

important role in the neurobiological mechanisms of MDD. However, the precise role of 

white matter abnormalities in MDD remain uncertain. The present study does find support for 

the predictions from the MCCE that white matter integrity is altered in brain areas related to 

emotion regulation in the MDD group. However, contradictory to the MCCE these changes 

was not related to differences in cognitive control of emotions in people with MDD currently 

in remission. Importantly, the present study did not address whether the MCCE predictions 

are valid in people with MDD with ongoing depression. 

The present study does not offer clear evidence for how white matter mechanisms 

work in depression, i.e., if it suggests a risk factor for developing the disorder, if it triggers 

relapse or if it contributes to maintaining the disorder, or all of the above. Even though 

several studies indicate that white matter abnormalities play an important role in some cases 

of MDD, but not all, it remains unclear which subgroups are particularly affected, as well as 

which environmental and genetic factors drive the disease.  

Moreover, it is unclear how one may use this information in treatment. The 

hypothesis that observed differences in white matter is related to differences in emotion 

regulation was not supported in this study. However, while there might not be a direct link 

between white matter integrity and cognitive control of emotions in this particular sample, 

people with MDD may still benefit from gaining more control of their emotions. 

Furthermore, future research should focus on gaining further understanding as to how white 

matter abnormalities may work as a risk factor for relapse, and how specific treatment may 

be used more efficiently and effectively to prevent relapse in people in remission.  

While other methods, approaches and samples could have been used to gain a more 

complete picture, the present study is to our knowledge larger than any published DTI-study 

to date comparing white matter integrity in MDD patients with HCs. Moreover, it is unique in 

the way that it focuses on underlying mechanisms in a sample of people with MDD currently 

in remission, but with a history of mainly mild to moderate depression. 
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