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Abstract of the Dissertation 

 

Major depressive disorder is related to a broad disruption in brain regions underlying working 

memory processing 

By 

John Alexander Borghi 

Doctor of Philosophy 

in 

Integrative Neuroscience 

Stony Brook University 

2013 

 Major depressive disorder (MDD) is associated with significant deficits in information processing 

(Clark et al., 2009). Previous studies examining the neural basis of these deficits have often focused on 

disruptions localized to a small number of brain regions or have used study paradigms that do not allow 

for an examination of component cognitive processes such as the selection and maintenance of items held 

in working memory (WM). Using a task previously employed to investigate selective information 

processing in healthy subjects (Oh & Leung, 2010), the experiment described in this thesis examined two 

questions regarding the effect of MDD on activity in brain regions supporting WM: (1) the specificity of 

disruptions related to the processing of face stimuli in extrastriate brain regions involved in selective face 

(and scene) processing and (2) the effect of the disorder on brain regions associated with WM selection 

and maintenance, including regions in the prefrontal and parietal cortices. Behavioral and brain imaging 

(fMRI) data were analyzed for a total of 30 (15 unmedicated subjects with MDD, 15 matched controls) 

subjects. Analysis of face and scene selective regions of interest revealed that MDD-related decreases in 

specificity were most evident in the parahippocampal gyrus and retrosplenial cortex during the functional 

localizer and WM selection tasks, two regions often associated with memory encoding and retrieval, 

rather than in regions implicated in selective face processing. Control and MDD-group subjects showed 

generally overlapping patterns of activity during the WM selection task. However, in analyses of overall 

activity during the WM task, the control group showed significant clusters in the prefrontal and parietal 

cortices, including the superior and middle frontal gyri and superior parietal lobe during the cue and post-

cue delay phases which were not suprathreshold in the MDD group. Between-group comparisons of 

selection-related activity during the cue stage revealed significantly greater activity in clusters within 

medial occipital lobe regions, specifically the cuneus, in the MDD group subjects compared to controls. 

Despite these differences, group comparisons of behavioral performance were insignificant. Therefore, 

MDD may be associated with disruptions in brain regions associated with memory encoding, selection 

and retrieval, even when deficits in these processes are not immediately apparent at the behavioral level. 
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Chapter 1  

General Introduction: Neurocognitive deficits in major depressive disorder (MDD)  
 

 With a lifetime prevalence of 16 percent in the United States (Kessler et al., 2003; 

2006), major depressive disorder (MDD) is extremely damaging in terms of personal and societal 

costs (Greenburg et al., 2003). Among the symptoms of MDD are significant disruptions in 

information processing (Clark et al., 2009; Thomas & Elliot, 2011) including disruptions in 

working memory, cognitive inhibition, and attention (Gotlib & Joormann, 2010; Hammar & 

Ardal, 2009). Research using brain imaging techniques such as positron emission tomography 

(PET) and functional magnetic resonance imaging (fMRI) have revealed disrupted activity in a 

broad range of brain regions in subjects with MDD compared to healthy controls (for review, 

Drevets et al., 2008; Koolschijn et al., 2009; Krishnan & Nestler., 2008). However, many studies 

designed to examine disruptions in neural activity associated with the cognitive deficits of MDD 

have focused on disruptions localized in two regions- the prefrontal cortex (PFC) and the 

amygdala. 

 Both the PFC and amygdala are logical targets for examining the neural basis of MDD-

related cognitive deficits owing to their role in supporting processes related to emotion 

regulation (for review, Oschner & Gross, 2005; Phelps & LeDoux, 2005) and executive control 

(for review, Miller & Cohen, 2001; Sheaefer & Gray, 2007). However, three converging lines of 

investigation indicate that the disease arises from disruption beyond just these regions. First, 

work in healthy subjects has demonstrated that the cognitive processes observed to be affected 

during MDD, including those related to the selection and maintenance of information within 

working memory (Jonides et al., 2008), emerge from distributed neural networks rather than 

singular brain regions (see commentary by Postle, 2006). Second, the complexity and 

heterogeneity of MDD-related deficits in information processing point to disruption within such 

distributed systems, rather than being restricted to a single location (Holtzheimer & Mayberg, 

2010). Third, the results of several meta-analyses of neuroimaging studies examining MDD-

related cognitive deficits have demonstrated that, while aberrant activity is observed in both the 

PFC and the amygdala, it is not restricted to just these areas (e.g. Diener et al., 2012; Fitzgerald 

et al., 2006; 2008; Stuhrmann et al., 2011)  

 The analyses described in the following chapters were designed to examine the effect 

of MDD on activity in brain regions related to information processing, within and beyond the 

PFC and the amygdala. This introduction will provide a critical review of the growing body of 

behavioral and brain imaging studies examining cognitive disruption in MDD. By reviewing 

both the existing literature regarding cognitive disruptions in MDD and the major questions left 

open by research that has often focused on disruptions localized to a relatively small number of 

brain regions and on a small subset of cognitive processes, this introduction will lay out the 

significance of the experiment described in the following chapters as well as the rationale 

underlying its hypotheses. 

 The analyses described in chapter two examined the breadth and specificity of MDD-

related disruptions in the extrastriate brain regions associated with the selective processing of 

face and scene stimuli. Examining these areas, using a task previously employed to examine 

selective information processing in healthy subjects (see Oh & Leung, 2010), allowed for a novel 

comparison of disruptions related the processing of faces compared to disruptions related to the 

processing of other categories of complex visual stimuli (namely, outdoor scenes). The analyses 

described in chapter three examined how MDD disrupts activity in brain regions, beyond those 



 

2 

 

examined in chapter two, involved in working memory selection and how individual differences 

in working memory (WM) task performance and MDD symptomatology relate to between-group 

differences in WM-related brain activity. While chapters two and three include brief discussions, 

chapter four provides a comprehensive overview regarding the placement of the work described 

in this thesis in the current body of research examining MDD from neuroscience and symptom-

based perspectives. 

 

1.1 Cognitive Deficits in MDD 
 

 Difficulties in cognition have long been examined in subjects with MDD (for review, 

Austin et al., 2001; Matthews & MacLeod, 2005; see also, Beck, 1967), with a recent meta-

analysis demonstrating that executive control processes may be particularly affected during the 

disease (Snyder et al., 2012). Possibly owing to differences in subject characteristics and design 

parameters between studies, the results of work examining cognitive deficits in MDD using only 

behavioral tasks have been somewhat inconsistent (for review, Bora et al., 2012b; Hammar & 

Ardal, 2009; Lee et al., 2012; Rogers et al., 2005; See also, Hasselbalch et al., 2011). However, 

as demonstrated in the following sections, the absence of statistically significant deficits at the 

behavioral level does not necessarily indicate an absence of disruption at the neural level. 

Individuals with MDD show difficulties across multiple cognitive domains, including memory, 

cognitive inhibition, and attention. Though neurocognitive deficits within each of these domains 

have been investigated individually in subjects with MDD (for review, Clark et al., 2009; 

Thomas & Elliot, 2009), it is likely that disruptions in all three interact in the production of 

cognitive symptoms in MDD. 

 

1.1.1 Working Memory Deficits 

 Because it incorporates each of the domains mentioned above, and because there is an 

existing literature evaluating the neural basis of WM in healthy individuals (for review, Barbas, 

2000; D’Esposito et al., 2002; Jonides et al., 2008; Tanji & Hoshi, 2008), working memory 

(WM) is an ideal target for studying the neural basis of cognitive dysfunction in MDD. However, 

because studies examining MDD-related disruptions in WM have most often used designs that 

require subjects to use multiple WM processes simultaneously (such as the n-back task) or have 

used emotional stimuli (either positive, negative, or both), it is presently unclear how MDD 

relates to deficits in specific WM processes; including the updating and maintenance of 

information held in working memory. 

  Working memory is generally conceptualized as a limited-capacity system responsible 

for the maintenance and manipulation of information required for the completion of complex 

tasks (Baddeley, 1986; 2003; Baddeley & Hitch, 1974; Miyake & Shah, 1999). Because of its 

limited capacity, optimal WM performance requires efficient updating and maintenance of only 

behaviorally relevant information (Hasher & Zacks, 1988; Hasher et al., 1999; Cowan, 2010). 

Recent models of WM have proposed a close relationship between working memory processes 

and attention in the selection of relevant information (e.g. Cowan, 1988; 1999; Oberauer, 2001; 

2002; 2009). Disruptions in the inhibitory and attentional processes related to WM have been 

specifically related to the ruminative symptoms of MDD (Joormann, 2005; Linville, 1996). In 

hypotheses based on this relationship, an inability to (appropriately) expel non-relevant 

information leads to difficulties in attending to and processing new, behaviorally relevant, 

information. This, in turn is hypothesized to result in rumination and the onset of depressive 
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episodes (Gotlib & Joormann, 2010). Empirical evidence supporting such hypotheses comes 

from studies demonstrating a significant negative correlation between rumination scores and 

behavioral indices measuring a subject's ability to overcome interference from negatively 

valenced stimuli (e.g. Joormann et al., 2010) and from studies indicating significant disruptions 

in brain regions often implicated with interference resolution, such as the anterior cingulate, 

inferior parietal cortex, and clusters within the dorsolateral and medial PFC (see Wager et al., 

2005), in highly ruminative depressed subjects compared to controls (e.g. Berman et al., 2011; 

Foland-Ross et al., In Press) 

  A number of studies demonstrating behavioral working memory deficits in subjects with 

MDD have used a variant of the n-back task. In this task, subjects are presented with a series of 

stimuli and are asked to indicate if the current stimulus matches the one presented n steps 

(typically between 1 and 3) earlier in the sequence (Kirchner, 1958). Given that this task requires 

subjects to constantly maintain and update a number of items, it has often been used to examine 

the storage and processing components of working memory (Owen et al., 2005). Using a letter 

variant of the n-back task, Harvey et al. (2004) found subjects with MDD to be significantly less 

accurate in 1-back, 2-back, and 3-back conditions compared to healthy controls, with no 

significant differences observed in a baseline 0-back condition (Harvey et al., 2004). While these 

findings could be interpreted as evidence for a specific deficit in WM storage and/or updating 

(rather than an overall cognitive deficit) during MDD, a later study by Rose and Ebmeier (2006), 

which used a spatial version of the n-back demonstrated that subjects with MDD performed 

significantly worse than controls (both in decreased response accuracy and increased reaction 

time) even on the 0-back condition (Rose & Ebmeier, 2006). Though these contrasting results 

make it difficult to interpret the results of n-back studies, such findings may be due to the relative 

imprecision of the task rather than a lack of coherent WM deficits in MDD. Because the n-back 

task requires the simultaneous use of multiple cognitive processes- including updating, 

maintenance, and decision making, it is ill-suited for examining deficits in component WM 

processes unless paired with a battery of other cognitive tasks. 

 Only a few studies examining MDD-related deficits in WM have specifically examined 

deficits related to WM maintenance and updating. For example, Gruber et al. (2011) found 

subjects with MDD to be significantly impaired on verbal working memory tasks requiring 

articulatory rehearsal, with no significant differences observed in tasks examining the visuo-

spatial component of working memory (Gruber et al., 2011). Though such results point to 

specific maintenance-related impairments in MDD, there is a relative paucity of research in this 

area. Additional research is necessary to further elucidate exactly which processes (and 

consequently which brain regions) are specifically affected. In one of the few studies explicitly 

designed to examine the possibility of deficits in working memory updating, Joormann and 

Gotlib (2008) found that subjects with MDD displayed increased interference from negatively, 

but not positively, valenced words (notably, no neutrally valenced words were included in the 

experimental design) compared to healthy controls (Joormann & Gotlib, 2008), with later 

research indicating a link between such difficulties and the ruminative symptoms of the disease 

(for review, Joormann et al., 2010).  

 Though overall working memory deficits have been observed somewhat inconsistently at 

the behavioral level, there is an emerging body of evidence suggesting the possibility of MDD-

related deficits in component processes; including maintenance, updating, and inhibition 

necessary for optimal implementation of WM. To be able to examine the breadth of WM 

deficits, it is necessary to use experimental paradigms with two features. First, it is necessary to 



 

4 

 

use tasks that do not require the simultaneous use of multiple cognitive processes. Tasks like the 

n-back may allow researchers to examine deficits in WM overall, however it is not possible to 

use such tasks to examine component processes related to the maintenance and updating of 

information within WM. Additional research, using alternative paradigms (including delayed 

recognition paradigms), that require either a limited number of such processes or allow such 

processes to be examined at discrete points in time is therefore necessary to examine the effect of 

MDD on WM. Second, to fully define MDD-related deficits in WM, it is necessary to use tasks 

that do not employ strongly valenced stimuli. The widespread use of such stimuli has yielded 

robust findings concerning both behavioral and neural disruptions in information processing 

when subjects with MDD view positive and negative stimuli-especially human faces (Davidson 

et al., 2002; Stuhrmann et al., 2011; Thomas & Elliot, 2009). However, the widespread use of 

emotional stimuli has not allowed for a thorough examination of lower levels of information 

processing- including visual perception- that may be significantly disrupted during the disease 

(see Bubl et al., 2009). The use of non-valenced stimuli, whether they be simple visual stimuli 

(colors, shapes, etc.) or neutrally valenced complex stimuli (faces, scenes, objects, etc.) should, 

therefore, be employed in future studies examining cognitive processes that may be strongly 

affected during MDD.  

 

1.1.2 Cognitive Inhibition   

 Contemporary theories postulate that inhibition is not a unitary construct, but rather 

involves several distinct components including response inhibition, cognitive inhibition, and 

emotional inhibition (Friedman & Miyake, 2004; Nigg et al., 2000). A growing number of 

studies demonstrating that subjects with MDD have significant difficulty disengaging from 

negative affective states (e.g. Johnstone et al., 2007; Wang, et al., 2008) indicate the presence of 

disruptions in emotional inhibition during the disease. In contrast, a relatively small number of 

studies have investigated concurrent difficulties in preventing non-relevant information (that may 

or may not have emotional content) from entering WM (see Gotlib & Joormann, 2010). This 

means that, at least compared to those related to emotional inhibition, relatively little is known 

about the breadth or neural basis of deficits in cognitive inhibition in individuals with MDD. 

 Deficits in cognitive inhibition have been shown to severely affect WM task 

performance- as non-relevant information may then enter, or remain held within, working 

memory. Such deficits have been reported in multiple psychiatric populations including children 

with attention deficit disorder (Alderson et al., 2007; Bjorklund & Harnishfeger, 1990), patients 

with obsessive-compulsive disorder (Enright & Beech, 1990; 1993), patients with schizophrenia 

(Frith, 1979; Westerhausen et al., 2003), and subjects with MDD (Eugène et al., 2010; Joormann 

et al., 2007). 

The first evidence for a deficit in cognitive inhibition in MDD came from studies 

employing negative priming (NP) tasks. Though NP tasks differ in execution, all operate under 

the assumption that previously ignored material (i.e. material previously presented as a 

distracter) is more difficult to process if later presented as a target (Tipper, 1985; 2001). Linville 

(1996) was the first to investigate negative priming in MDD. She reported that depressed 

individuals were less likely to inhibit distracting stimuli compared to healthy controls. 

Specifically, while control subjects were slower to respond to letter strings that they had 

previously been asked to ignore, individuals with MDD failed to show this effect (Linville, 

1996). MacQueen and colleagues (2000) demonstrated similar results in a study in which the 

color and spatial location of study stimuli were manipulated (MacQueen et al., 2000). 
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 Though these studies, as well as studies employing large batteries of cognitive tasks (for 

example, Gohier et al., 2009) support the hypothesis that MDD is related to an overall deficit in 

cognitive inhibition, there is a growing body of literature demonstrating that such deficits may be 

strongest (or, at least, most behaviorally evident) in the processing of negatively valenced 

material. In the negative affective priming (NAP) task, reaction time is measured as subjects 

respond to positive and negative material that they were previously instructed to ignore 

(Joormann, 2004). In studies using both emotional words (Joormann, 2004) and emotional faces 

(Goeleven et al., 2006), individuals with MDD were shown to be significantly impaired in the 

inhibition of negatively, but not positively, valenced material compared to healthy controls.  

 Studies examining deficits in cognitive inhibition in subjects with MDD have perhaps 

yielded the most consistent results when negative stimuli are used. However, observations that 

subjects with MDD also have difficulty inhibiting neutral stimuli indicate that the disease affects 

cognitive inhibition in a more general way than is implied by studies showing inhibitory deficits 

specific to emotional stimuli. This mirrors the previously discussed findings related to working 

memory and findings in a domain related to both working memory and cognitive inhibition- 

attention. 

 

1.1.3 Attention 

As previously stated, current models of working memory posit a close relationship 

between attention and the selection of information held within working memory (Lepsien & 

Nobre, 2006; Oberauer, 2001; 2002; Oberauer & Hein, 2012). According to a review by 

Castaneda and colleagues (2008), deficits in attention, possibly more than any other cognitive 

deficit, may characterize individuals with MDD. Difficulties in attention have even been linked 

to the ruminative symptoms of the disease (e.g. Davis & Nolen-Hoeksema, 2000). However, a 

growing body of studies investigating attention-related deficits in MDD has indicated that MDD 

is not associated with a deficit in attention alone, but rather in the interaction between attentional 

and executive control processes, such as those involved in WM. 

A large number of studies examining attention-related biases in MDD have used the dot 

probe task (MacLeod et al., 1986). In this task, subjects are presented with pairs of stimuli 

(words or faces), generally one emotional and one neutral. After the offset of each pair, a probe 

appears in the location of either the neutral or emotional stimulus. Allocation of attention is then 

measured by the subject’s latency to detect the probe. If a subject orients selectively toward the 

emotional stimuli, they will be faster to detect probes that replace emotional stimuli and slower 

to detect probes that replace neutral stimuli (MacLeod et al., 1986). Studies using dot probe tasks 

with a short presentation duration (less than 1 second) have shown little difference between 

subjects with MDD and healthy controls (e.g. Mogg et al. 1995). However, a number of studies 

have documented biases when stimuli are presented for a relatively long duration (greater than 1 

second) (Bradley et al., 1997; Gotlib et al., 2004). This difference indicates that MDD-related 

deficits in attention-related processes may occur at relatively late processing stages, a finding in 

line with the recent hypotheses that MDD is related not to initial orienting biases but is instead 

evident under conditions that require elaborative processing (Mogg & Bradley, 2005). 

Dot-probe tasks have also been used to demonstrate the particular relevance of emotional 

faces in MDD. In two studies, Ian Gotlib and colleagues (2004; 2004b) found that subjects 

diagnosed with MDD showed significant orientation biases towards sad faces as opposed to 

happy and angry faces compared to controls (Gotlib et al., 2004; 2004b). In these studies, 

subjects with generalized anxiety (Gotlib et al., 2004) and social phobia (Gotlib et al., 2004b) 
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failed to show such biases, suggesting that this deficit may be unique to individuals with MDD. 

In follow-up studies, similar deficits were observed in formerly depressed adults (Joormann & 

Gotlib, 2007) and subjects at high risk for MDD (Joormann et al., 2007; Kujawa et al., 2010).  

 In a visual search task, depressed subjects did not show significantly enhanced detection 

of MDD-related words (for example, “depressed,” “dejected,” “exhaustion”) when they were 

presented as the target, but were more distracted by the same words when they were presented as 

distracters (Rinck & Becker, 2005). In studies monitoring eye movements, depressed subjects 

have been shown to make initial saccades to negatively valenced faces (Leyman et al., 2011) and 

scenes (Caseras et al. 2007) equally as often as to neutral stimuli. Compared to control subjects, 

however, depressed subjects have been shown to fixate significantly longer on negatively 

valenced stimuli (Eizenman et al., 2003; Leyman et al. 2011; Caseras et al., 2007). Together 

these results suggest that MDD is not characterized by an automatic orientation towards negative 

stimuli, but rather a deficit in disengaging attention from such stimuli.  

 The presences of MDD-related deficits in working memory, cognitive inhibition, and 

attention in behavioral studies imply a complex disruption in the brain activity underlying each 

(see commentary by Gruber & Goscke, 2004). However, because studies examining these 

deficits have used paradigms that require the application of multiple processes simultaneously or 

used emotionally valenced stimuli (often human faces), further research is still required to 

delineate the precise manner in which information processing is disrupted by MDD. Behavioral 

studies have revealed a great deal about their character and taxonomy, but additional research is 

required to explicate the neural basis of information processing deficits in MDD. A recent meta-

analysis of studies examining brain regions involved in the executive components of working 

memory has demonstrated that seemingly discrete processes involved in WM, inhibition, and 

attention (namely, the inhibition of irrelevant information from WM, the shifting of attention 

between items held within WM, and the updating of the contents WM) can be associated with 

activity in similar groups of brain regions within the frontal, parietal, and temporal lobes (Nee et 

al., 2013). While previous work examining the neural basis of MDD-related cognitive deficits 

has tended to focus on a limited number of regions, especially regions within the dorsolateral and 

ventromedial prefrontal cortex and the amygdala (see Murray et al., 2011), an investigation of 

how MDD affects functioning in this broader group is necessary to delineate how disruption at 

the neural level may underlie the heterogeneous manifestation of cognitive deficits observed in 

behavioral studies. 

 

1.2 Changes in Brain Anatomy and Physiology in MDD 

 

 A comprehensive review of all MDD-related physical changes in the brain is beyond the 

scope of this manuscript (for concise summaries, see Belmaker & Agam, 2009; Krishnan & 

Nestler, 2008). Therefore, the following sections will focus primarily on changes observed in the 

amygdala and prefrontal cortex (PFC)- the two major regions of interest for researchers 

examining the neural basis of MDD-related cognitive deficits.  

 Both the prefrontal cortex (for review, Fuster, 2008; Stuss & Knight, 2002; Passingham, 

1993) and amygdala (for review, McDonald, 1999; Pessoa et al., 2010; Sah et al., 2003) have a 

large number of intrinsic and extrinsic connections with both cortical and subcortical regions, 

making them well situated anatomically for their role in supporting cognitive behaviors such as 

working memory (see, Barbas, 2000) and for contributing to the symptoms of many mental 
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disorders including MDD (see also, Amaral & Price, 1984; Barbas & Pandya, 1989; Barbas et 

al., 1999; Herzog & Van Hoeson, 1976; Porino et al., 1981). 

 

1.2.1 Morphological Changes in the Prefrontal Cortex and Amygdala in MDD 

 Though the neurochemistry and anatomical connections of the PFC and amygdala have 

recently received significant attention for their role in instantiating the symptoms of MDD, post-

mortem studies have yielded significant insight into how MDD affects the cytoarchitecture of 

both regions (for review, Drevets et al., 2008; Rajkowska, 2003). The most widely cited finding 

from post-mortem studies of patients with MDD is a decrease in glial cell density in frontal and 

limbic regions; including the subgenual anterior cingulate cortex, hippocampus, and multiple 

regions within the PFC and amygdala (Bowley et al., 2002; Cotter et al., 2001; 2002; Hamidi et 

al., 2004; Rajkowska et al., 1999; 2001; Ongur et al., 1998). These findings are most robust in 

studies of younger adults, with studies using post-mortem samples of older adults demonstrating 

little difference in glial density between individuals with MDD and matched controls 

(Khundaker et al., 2009; Miguel-Hidalgo et al., 2000). The majority of post-mortem studies have 

not differentiated between glial sub-types, however there is growing evidence for specific losses 

in oligodendrocytes, at least in the prefrontal cortex (Aston et al. 2005; Uranova et al., 2001; 

2004). This loss of oligodendrocytes is supported by findings of significantly less intense myelin 

staining in white matter from the dorsolateral and ventromedial PFC in subjects with MDD 

compared to healthy controls (Regenold et al., 2007; For review, Tham et al., 2011).  

 In addition to the relatively robust finding of prefrontal oligodendrocyte loss, MDD-

related reductions in pyramidal neuron density (as measured by manual counting within slabs 

defined a priori) in the orbitofrontal PFC has been reported in some post-mortem studies (For 

example, Cotter et al. 2002; Rajkowska & Miguel-Hidalgo, 2005; Rajkowska et al., 1999; 2001). 

However these results were not replicated in later studies that indicated a decrease in pyramidal 

neuron size, as measured by an isotropic nucleator probe, rather than a decrease in density (e.g. 

Miguel-Hidalgo et al. 2005). Though the exact mechanism is still under investigation, decreased 

prefrontal oligodendrocyte density as well as a possible decrease in prefrontal neuron size has 

been postulated to be linked to elevated levels of glutamate (Dewar et al., 2003; McDonald et al. 

1998) or glucocorticoids (see Banasr & Duman, 2008; Cheng & de Vellis, 2000) present during 

depressive episodes (for review, Drevets et al., 2008). 

 Beyond post-mortem studies, structural changes in the brain associated with MDD have 

been examined in a number of studies using voxel-based morphometry (VBM). A meta-analysis 

of 23 VBM studies of MDD subjects demonstrated a significant and replicable decrease in gray 

matter volume the rostral ACC (BA32) as well as reductions in both the dorsomedial (BA6-9) 

and the dorsolateral PFC (BA9) (Bora et al., 2012). The results of VBM studies specifically 

targeting the amygdala have been comparatively less consistent (for review, Hajeck et al., 2011; 

Hamilton et al., 2008), with studies showing amygdala gray matter volume in MDD-group 

subjects to be both significantly greater (e.g. Bremner & Narayan, 2000; Frodl et al., 2004) and 

significantly lesser (e.g. Caetano et al., 2004; Hastings et al., 2004; Hickie et al., 2007) than in 

healthy controls. This lack of a single pattern of results, however, has likely arisen from 

significant differences in MDD-group characteristics between studies rather than from the 

disease itself. A meta-analysis by Hamilton et al. (2008) demonstrates that increases in amygdala 

size between studies positively correlates with the proportion of subjects taking anti-depressant 

medication- studies that include only non-medicated subjects demonstrate a relatively robust 

decrease in amygdala volume (Hamilton et al., 2008) 
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 Abnormalities in cytoarchitecture and structural volume may be related to the widely 

studied changes in neurochemistry during MDD. The PFC and amygdala both have direct 

connections to the origin of many neurotransmitter systems; including the basal forebrain 

(acetylcholine), the locus coeruleus (norepinephrine), the ventral tegmental area (dopamine), and 

the raphe nuclei (serotonin) (Krishnan & Nestler, 2008). Each of these systems has been 

investigated individually, and in combination, for their role in MDD (See Drevets et al., 2008; 

Holtzheimer & Nemeroff, 2008). MDD-related dysfunction in the neurochemistry of both the 

PFC and amygdala likely participates not only in the emotional symptoms of the disorder, but 

also contribute to attention and working memory deficits (See Price & Drevets, 2010; Manji et 

al., 2001).  

 Though promising trends are beginning to emerge from the study of other 

neurotransmitters, particularly glutamate (Sandi, 2011), the relationship between PFC and 

amygdala functioning and cognition is most established for monoamine (especially, dopamine 

and serotonin) systems (for review, Cools & D’Esposito, 2011; Dunlop & Nemeroff, 2007; Nutt, 

2006; Seamans & Yang, 2005). Dopamine and serotonin appear to interact in modulating the 

firing of PFC neurons, including those involved in working memory and executive control (Di 

Pietro & Seamans, 2010; Luciana et al. 1998). In the PFC, dopamine exhibits an inverted-U dose 

response curve, where non-optimal levels (either too high or too low) impair working memory 

performance (Goldman-Rakic et al. 2004; Brozoski et al. 1979). Though no study has directly 

addressed possible interactions between MDD and dopamine-related changes in working 

memory, it has been hypothesized that dysfunction within the PFC-basal ganglia dopamine 

system may lead to a decreased level of dopamine in the PFC during MDD (See Dunlop & 

Nemeroff, 2007; Nutt, 2006). Similarly, a decrease in prefrontal serotonin during MDD has been 

implicated in the highly influential monoamine hypothesis of depression (commentary by 

Holtzheimer & Mayberg, 2010). Studies examining the genetic basis of MDD have pointed to a 

significant link between expression of the short allele of the serotonin transporter gene (5-

HTTLPR) and decreased activity within the amygdala, as well as decreased functional 

connectivity between the amygdala and PFC in short allele carrying depressed subjects 

completing an emotional processing task compared to long allele carriers and healthy controls 

(Costafreda et al., 2013; Fu et al., 2004).  

 

1.2.2 Metabolic and Physiological Changes in MDD 

 Early brain imaging studies examining MDD-related disruptions in brain activity 

examined resting state activity in depressed subjects compared to healthy controls. While these 

studies initially relied upon positron emission tomography (PET), more recent resting state 

studies have compared resting state activity using functional magnetic resonance imaging 

(fMRI). In one of the first PET studies of MDD, Baxter and colleagues (1989) found decreased 

glucose metabolism in the left dorsal anterolateral PFC in subjects with MDD and bipolar 

disorder compared to subjects with obsessive-compulsive disorder (with and without concurrent 

depression) and healthy controls (Baxter et al., 1989). Demonstrating a more complicated pattern 

of glucose activity in the PFC, Biver and colleagues (1994) later found a pattern of increased 

glucose metabolism in the orbitofrontal PFC and decreased metabolism in the dorsolateral PFC 

and parietal cortices (Biver et al., 1994). This pattern has since been replicated in multiple PET 

studies (See Drevets et al., 2002), with some studies demonstrating a degree of reversibility in 

these abnormalities following successful treatment with antidepressants (Bonne et al., 1996; 

Rubin et al., 1994).  
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 Because of technical challenges (see Drevets et al., 2002), a relatively small number of 

studies have examined MDD-related disruptions in amygdala metabolism. An early study by 

Drevets et al. (1992) indicated significantly greater glucose metabolism in the left amygdala in 

MDD subjects compared to controls- a finding that has since been replicated in aged subjects 

with MDD (Mentis et al., 1995), bipolar patients in a depressed state (Ketter et al., 2001), 

subjects experiencing their first depressive episode (Nofzinger et al., 1999), and in MDD 

subjects using significantly more precise PET imaging and analysis techniques (Drevets et al., 

2002). However, owing to the technical difficulty in imaging the amygdala PET studies have 

demonstrated inconsistent differences between MDD subjects and controls in regards to 

amygdala metabolism (Abercrombie et al., 1996; 1998). 

 Together, findings of disrupted metabolism in both the prefrontal cortex and amygdala 

have informed the highly influential model of MDD proposed by Helen Mayberg and colleagues. 

In this model, MDD is thought to arise from dysregulation in the functional connections between 

a number of limbic and cortical brain regions (Mayberg, 1997; Mayberg et al.,1999; Seminowicz 

et al., 2004). Remission, then, is thought to occur when the regulation of these connections is re-

established; a hypothesis that has been supported empirically by studies examining recovery 

from depression following antidepressant treatment (Mayberg et al., 2000) and deep brain 

stimulation in otherwise treatment resistant patients (Mayberg et al., 2005; Holtzheimer et al., 

2012). Because this model asserts that MDD arises from disruptions between a number of region 

implicated in cognitive, emotional, and autonomic functions, it stands that symptoms in each of 

these domains may arise from disruptions in different locations (Holtzheimer and Mayberg, 

2011), which, in turn, could be modulated with different forms of treatment (Katz et al., 2010). 

Thus, though the results of the analyses discussed in the following chapters may not address 

aspects of the mood or phenomenological symptoms of MDD, they do contribute to our 

understanding of how the disease affects neural systems associated with cognitive processing. 

 

1.2.3 Functional Deficits in MDD 

 Chapters two and three of this thesis each contain critical summaries of functional brain 

imaging research relevant to their respective hypotheses. For this reason, this section will 

provide only a brief, and relatively general, overview of the aberrant patterns of brain activity 

observed in MDD-group subjects. Several meta-analyses of neuroimaging studies of MDD have 

indicated significant MDD-related disruptions in both PFC and amygdala activity when 

depressed subjects complete tasks requiring information processing; including n-back tasks, 

Stroop tasks, associative learning tasks, and tasks requiring the processing of face stimuli 

(Diener et al., 2012; Haldene & Frangou, 2006; Fitzgerald et al., 2006; 2008; Stuhrmann et al., 

2011). However the direction, laterality, and scale of these disruptions vary a great deal between 

studies and task paradigms. Adding to the complexity of these results, a relatively large number 

of studies have investigated neural activity associated with executive control and working 

memory processes using emotional stimuli. Such studies have demonstrated aberrant activity in a 

wide variety of brain regions including both the amygdala and prefrontal cortex (for review, 

Murray et al., 2011; Drevets, 2008). By comparison, there are a relatively small number of 

studies investigating MDD-related cognitive deficits using stimuli lacking explicit emotional 

content. Despite their small number, these studies indicate that disrupted activity- present in 

networks of brain regions that include, but are not limited to, the prefrontal cortex and amygdala- 

underlie the deficits in working memory, cognitive inhibition, and attention observed in 
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behavioral studies. Furthermore, these studies imply that such deficits are present even in the 

absence of a valenced stimulus. 

 A number of functional imaging studies have directly compared task-related brain 

activity in depressed subjects to those in healthy controls. Using similar paradigms as the 

behavioral studies (n-back tasks, delayed recognition tasks, etc.) alongside functional 

neuroimaging, these studies have directly examined the relationship between cognition, brain 

activity, and MDD. The results of these studies have been quite varied; with some studies 

demonstrating significantly increased levels of activation in MDD group subjects compared to 

controls, while others show significantly decreased levels of activation. Though such varied 

results are still often observed (see Thomas & Elliot, 2009), such differences are now commonly 

ascribed to differences in task performance between subject groups (Rogers et al., 2005). In 

studies where depressed subjects achieve a similar level of performance as controls on WM-

related tasks (For example, Harvey et al., 2005; Fitzgerald et al., 2008), PFC hyperactivity is 

often observed in the MDD group subjects. In contrast, MDD-related performance deficits on 

WM tasks are often observed alongside PFC hypactivity (For example, Elliot et al., 1997). This 

trend has led to the hypothesis that the hyperactivity observed in high performing subjects 

represents compensatory activity- such as additional recruitment of PFC neurons- that 

compensates for the general decrease in PFC activity observed in resting-state studies (Walter et 

al., 2007). Though this claim has not yet been examined systematically in a group of high and 

low performing MDD subjects, similar patterns and similar interpretations have been made in 

studies including subjects with schizophrenia (Minzenberg et al., 2009) and elderly subjects 

(Reuter-Lorenz & Cappell, 2008). 

 

1.3 The Present Study: Analyses and Hypotheses 
 

 The analyses described in the remainder of this thesis were designed to contribute to the 

growing body of studies examining how major depressive disorder affects brain activity related 

to the selective processing of information. The analyses described in chapter two were designed 

to investigate the specificity of MDD-related deficits in the selective processing of face stimuli. 

Building upon these analyses, those described in chapter three were designed to examine the 

effect of the disease on the congregation of brain regions that support the selection and 

maintenance of information in working memory.  

 Current hypotheses support category specific activations in visual association regions, 

with regions in the fusiform and parahippocampal gyri showing greater activation in response to 

faces (e.g. Kanwisher et al., 1997) and scenes (e.g. Epstein & Kanwisher, 1998) respectively. In 

addition to these regions, the selective processing of faces and scenes involves functionally and 

anatomically separable networks that include regions in the temporal and occipital lobes and 

subcortical regions such as the amygdala (for review, Haxby et al., 2010; Nasr et al., 2011). 

Based on the body of behavioral and imaging studies indicating that MDD-related difficulties in 

information processing may be especially severe in tasks requiring the processing of faces (for 

review, Stuhrmann et al., 2011), we predicted that subjects with MDD would show significant 

and specific disruptions in the face processing network compared to healthy controls in a task 

requiring the selective processing of both faces and scenes (see Figure 1.01). Because regions in 

the scene-processing network, especially the parahippocampal gyrus and retrosplenial cortex, 

have been implicated in memory encoding and retrieval (e.g. Aminoff et al., In Press; Burgess et 

al., 2001; Cabeza et al., 2004) and because several studies have pointed towards a general deficit 
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in visual perception in MDD (e.g. Bubl et al., 2010; 2012; Desseilles et al., 2009; 2011), we 

alternatively predicted that MDD could be associated with a disruption in both the face and the 

scene processing networks. 

 Current hypotheses regarding the neural basis of WM hold that the processes involved in 

controlling the contents of WM emerge from activity in a broad network of brain regions that 

include, frontal and parietal (Leung et al., 2004; Linden et al., 2003; Todd & Marois, 2004) and 

and subortical areas (e.g. Robinson et al., 2012). However, brain imaging have often focused 

primarily on the dorsolateral and ventromedial PFC due to their involvement in “executive” 

(Miller & Cohen, 2001) and “emotional” (Oschner & Gross, 2005) processes respectively. 

Because of the emergent properties of WM (see Postle, 2006), we hypothesized that subjects 

with MDD would show significantly disrupted activity within the WM-associated regions 

beyond the dlPFC and vmPFC. Because of a previous line of research demonstrated hypoactivity 

in WM-related brain regions (including the vlPFC, basal ganglia, and regions in the parietal 

cortex) in MDD subjects completing a selective information processing task (e.g. Walter et al., 

2007; 2007b; Vasic et al., 2009), we predicted that the subjects in the present study would show 

a similar disruption. However, because a number of previous studies investigating MDD-related 

neurocognitive deficits have demonstrated a pattern of hyperactivity in MDD-group subjects 

performing at the same level as healthy controls (see Rogers et al., 2006), we alternatively 

predicted that we could observe performance-related hyperactivity in brain regions associated 

with working memory. 
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Chapter 2  

Activity in extrastriate brain regions associated with the selective processing of faces and 

scenes is significantly disrupted in major depressive disorder  
 

2.1 Chapter Introduction 
 

 Due to their strong social and emotional content, human faces may be the most 

commonly used stimuli for studies investigating information processing deficits in MDD 

(Stuhrmann et al., 2011). Because previous research has focused on regions of interest including 

clusters within the dorsal and ventrolateral prefrontal cortex, orbitofrontal cortex, and amygdala 

(for review, Gotlib & Hamilton, 2009), it remains unclear how MDD affects processing in 

ventral occipital and temporal brain regions associated with the perception of faces. 

Furthermore, since previous studies have primarily examined the emotional aspects of faces, it is 

presently unclear whether or not basic face-processing is intact during the disease. 

 In behavioral experiments, subjects with MDD often show disruptions in face-processing 

across a spectrum of cognitive domains including enhanced memory for negative (but not 

positive or, in some cases, neutral) faces (Hamilton & Gotlib, 2008; Ridout et al., 2003), 

increased attention towards negative faces (Gotlib et al., 2004a; 2004b), and, perhaps most 

consistently, in deficits in the recognition of facial expressions (e.g. Bistricky et al., 2011; Gollan 

et al., 2010; Leppänen et al., 2004). Studies in which subjects are asked to judge the emotional 

content of a face (e.g. happy vs. sad), often report that depressed subjects show a significant 

negativity bias compared to controls (e.g. Joormann & Gotlib, 2010). However, when subjects 

with MDD are asked to rate or categorize emotionally neutral stimuli, biases in both the negative 

and positive direction have been observed (Gollen et al., 2008; Gur et al., 1992; Leppanon et al., 

2004). This indicates that the mood congruency hypothesis (Bower et al., 1981) is, on its own, 

insufficient to explain face-processing deficits in MDD. 

  Because basic visual processing deficits have been observed in subjects with MDD at 

both the behavioral (Bubl et al., 2010; 2012; Golomb et al., 2009) and neural (Desseilles et al., 

2009; 2011) level, it is possible that MDD-related disruptions in the processing of face stimuli 

may reflect a more fundamental deficit in visual information processing. Subjects with MDD 

have demonstrated both altered perception of spatial contrast gratings (Golomb et al., 2009) and 

decreased contrast gain in the retina (Bubl et al., 2010; 2011) compared to healthy controls. At 

the neural level, subjects with MDD have shown both decreased activity in the visual cortices 

(specifically, V4) (Desseilles et al., 2009) and decreased functional connectivity between the 

visual and parietal cortices (Desseilles et al., 2011) during a visual information processing task. 

Due to the presence of such potentially basic visual processing deficits in MDD, it is necessary 

to directly examine the processing of faces relative to the processing of other, non-face, stimuli 

in the absence of an emotional context.  

 Studies examining healthy subjects indicate that the processing of faces involves a 

distributed network of brain regions that includes both “core” and “extended” aspects 

(Kanwisher et al., 2006; Haxby et al., 2010). Regions in the core network for face processing 

include the fusiform (FFA) and occipital (OFA) face areas as well as the superior temporal sulcus 

(STS) (Hoffman & Haxby, 2000; Gauthier et al., 2000; Kanwisher et al., 1997). While the FFA, 

OFA, and STS are believed to be involved primarily in processing the visual characteristics of 

faces, an extended network, including the amygdala, insula, temporoparietal junction, and medial 

prefrontal cortex (for review Haxby et al., 2000; Ishai, 2008; Ishai et al., 2005) is hypothesized to 
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be involved in processing their social and emotional content. Recent evidence demonstrating that 

the FFA and OFA play causal roles in face processing comes from studies demonstrating that 

electrical stimulation of these regions leads to significant deficits in face categorization (Chong 

et al., 2013) and face naming (Jonas et al., 2012). Similarly, a causal role for the STS in the 

perception of biological motion (such as motion necessary for the projection of emotion through 

facial expressions) has been established by experiments using rTMS (Grossman et al., 2005; 

Pourtois et al., 2004). Significant anatomical and functional connections between regions in the 

face processing network have been found in both humans (Fairhall et al., 2007; Furl et al., 2013; 

Gschwind et al., 2011; Herrington et al., 2007; Sabatinelli et al., 2005; Vuilleumier et al., 2005) 

and non-human primates (Freese & Amaral, 2008), which underlines the necessity of examining 

MDD-related disruptions in face processing in this group of brain regions rather than focusing on 

individual regions such as the amygdala. 

Though we can find no previous studies that have directly examined disruptions in 

regions in the core face-processing network during MDD, convergent evidence for such a 

disruption comes from several sources. First, MDD-related disruptions in the fusiform gyrus 

have been reported in multiple studies principally examining activity related to viewing positive 

and negatively valenced faces in the amygdala (e.g. Fu et al., 2008; Surguladze et al., 2005; 

Suslow et al., 2010) and in meta-analyses examining disrupted neural activity related to 

emotional and cognitive difficulties in MDD (Diener et al., 2012). Notably, Surguladze et al. 

(2005) found that subjects with MDD showed linear increases in the activity of both the right 

fusiform and bilateral parahippocampal gyri in response to expressions of increasing sadness 

while healthy controls did not. Second, work with other psychiatric populations, including 

individuals with autism spectrum disorder (ASD) (Dalton et al., 2005; Kleinhans et al., 2008), 

schizophrenia (Walther et al., 2009) as well as aged populations (Goh et al., 2010; Park et al., 

2004), have all demonstrated disrupted activity in visual association cortices. Of particular 

relevance to the present study, aged subjects have been shown to exhibit both behavioral WM 

deficits and significantly decreased selectivity, as measured by a dedifferentiation of category 

specific activity in ventral visual cortices including the fusiform gyri, compared to younger 

subjects (Park et al., 2004). 

The scene processing network, which is functionally and anatomically distinct from the 

face processing network (Epstein & Kanwisher, 1998; Nasr et al., 2011), and includes the 

parahippocampal place area (PPA), transverse occipital sulcus (TOS), and retrosplenial cortex 

(RSC), presents an ideal target for examining the uniqueness of face processing deficits in MDD. 

Within this network, the PPA is hypothesized to be involved in processing the visual-spatial 

structure of a scene (Epstein & Kanwisher, 1998) while the RSC is hypothesized to process 

information related to spatial navigation (Epstein et al., 1999; 2003; Park & Chun, 2009). At 

present, the precise role of the TOS in this network remains unclear. In addition to their role in 

the selective processing of visual stimuli, both the face and scene networks have been studied for 

their role in working memory (WM) (e.g. Lepsien & Nobre, 2007), with previous research from 

our laboratory demonstrating that the PPA appears to be involved in the selective maintenance of 

scene (over face) stimuli (Oh & Leung, 2010).  

In parallel to work investigating their involvement in the selective processing of scenes, a 

line of research has investigated the parahippocampal gyrus and retrosplenial cortex for their 

involvement in the retrieval of both spatial and non-spatial memories (Burgess et al., 2001; 

Cabeza et al., 2004) and in the establishment of contextual associations (Aminoff et al., 2008; 

Bar et al., 2008; Epstein et al., 2007; Ranganath, 2010). Thus, examining (potential) processing 
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disruptions in the face and scene networks allows us to not only examine the neural basis of 

MDD-related deficits in face processing (or possibly in visual processing in general), but also 

also grants us a degree of insight into how MDD-related processing deficits may relate to activity 

in the wider network of brain regions associated with information processing. 

Based on the existing literature, the branch of analysis described in this chapter 

proceeded with two central hypotheses. In line with previous research, we predicted that brain 

activity during the selective processing of faces would be significantly disrupted in subjects with 

MDD compared to healthy controls (see Figure 1.02). To evaluate the specificity of face-related 

disruptions, we used a region of interest (ROI) approach to examine activity in regions within the 

core face and scene processing networks during different phases of a working memory task 

involving the selective maintenance of emotionally neutral faces and scenes. Second, given the 

involvement of regions within the face and scene networks in working memory processing, we 

predicted that disruptions in these regions would relate to measures of working memory 

performance and MDD symptomatology. To test this, we calculated a selectivity index value, 

examining the degree to which a region showed selective activity towards a preferred visual 

category (face versus scene), for each ROI. We then examined correlations between these indices 

and measurements of response accuracy and reaction time for the working memory task as well 

as scores on questionnaires measuring MDD symptoms. 

 

2.2 Methods 
 

2.2.1 Participants 

Study participants included 19 currently unmedicated individuals with MDD and 17 

healthy controls. Because of excessive motion, 4 subjects with MDD and 2 healthy control 

subjects were excluded from the fMRI analyses, leaving 15 matched subjects in each group. Not 

included in the above totals, are three subjects recruited to be in the MDD-group who did not 

complete the experiment due to experiencing a high level of anxiety while inside the MRI 

scanner.  

 All MDD group subjects met DSM-IV criteria for major depressive disorder as measured 

by the Structured Clinical Interview for the DSM-IV (SCID) (First et al., 1997). Exclusion 

criteria for the MDD group included the presence of any significant axis I disorder other than 

MDD, use of antidepressant medication, and any significant health problems. On average, MDD-

group subjects had a relatively low number of past depressive episodes (range: 1-12, average: 

3.01, standard deviation: 3.17), however the duration of such episodes ranged from several 

weeks to several years. For MDD group subjects, the SCID typically lasted between 0.5 and 1.5 

hours. 

 Healthy control group subjects were also screened using the SCID. Exclusion criteria for 

control group subjects included the presence of any DSM disorders or any other significant 

health concerns. For control group subjects, the SCID typically lasted less than 0.5 hours. MDD 

and control group subjects were matched in terms of gender, ethnicity, age, and education (see 

Table 2.01). 

 

2.2.2 Experimental Stimuli 

A total of 320 visual stimuli were used in this experiment. The WM selection task used 

90 novel face (50% male, 50% female) and 90 novel scene stimuli (50% houses, 50% city), 

while the functional localizer task used an additional 20 face, 20 scene, and 20 object images. An 



 

15 

 

additional 30 unique face and scene images were also added to the post-memory and valence 

rating tasks as “new” stimuli.  

Face and scene images were drawn from several pre-existing databases and modified for 

the purpose of this study. Face images were drawn from the Korolinska face database (Lundgvist 

et al., 1998) and those created by The Center for Vital Longevity (Minear & Park, 2004). To 

reduce low-level visual differences between face stimuli, face images included only male and 

female Caucasians (50%, 50%) between the ages of 20 and 30. All faces were cropped to remove 

obviously differentiating features such as hairstyle, clothing, and jewelry. Scene images were 

drawn from the LabelMe database (Russell et al., 2008). Scene images depicted urban buildings 

(50%) and houses (50%) and were cropped to remove obviously differentiating features 

including visible text, human figures, and motor vehicles. Object images, including images of 

articles of clothing (shirts, hats) and kitchen equipment (bowls, cups), were taken from the 

Hermera Photo Objects collection (Gatineau, Quebec, Canada).  

 

2.2.3 Face/Scene Localizer 

 Regions of interest within face and scene networks were defined individually for each 

subject. As in previous studies examining these areas (e.g. Fox et al., 2009; Oh & Leung, 2010; 

Xu et al., 2013), regions of interest were defined for each subject using peak coordinates 

extracted from a functional localizer task. The localizer task consisted of a 1-back task, featuring 

12 counterbalanced blocks of face (four blocks), scene (four blocks), and object (four blocks) 

stimuli. Within each block, stimuli were presented for 800ms with a 1200ms ISI. Each block was 

16s in duration and was preceded and followed by 16s of fixation. A diagrammatic 

representation of the localizer task is shown in figure 2.01a. 

 For three subjects (all in the healthy control group), the functional localizer contained 

only face (four blocks) and scene (four blocks) stimuli. After data was collected from these 

subjects, the localizer was updated to include object stimuli in order to facilitate a future study, 

not included in this manuscript, involving multi-variate pattern analysis. Because none of the 

comparisons discussed in this thesis involved the object blocks, all three of these subjects were 

included in the group level analyses described in this and the following chapter. 

 

2.2.4 The WM Selection Task 

 A delayed recognition task previously used by our laboratory to study WM selection in 

regions within the face and scene processing networks (Oh & Leung, 2010) was adapted for use 

in the present study. Each run of the WM selection task included selection and non-selection 

trials (see Figure 2.01b). In selection trials, following 4000ms of fixation (including a 200ms 

warning), subjects were shown a sequence of one face and one scene image, each presented for 

800ms with a 200ms ISI. After presentation of the second image, a checkerboard mask was 

shown for 800ms. Following a 2200ms delay period, subjects were cued to selectively remember 

either just the face (cue: Face) or just the scene (cue: Scene) during the subsequent 9000ms delay 

period. Following this delay, subjects were asked to respond whether or not a probe image 

(1000ms) matched the cued image (50% match/50% non-match). All cues were 100% 

informative.  

 Non-selection trials proceeded similarly, but with a cue instructing subjects to remember 

both the face and scene images (cue: Both) during the delay period. In non-selection trials, 

subjects responded whether or not the probe item was among the two items presented earlier in 

the trial (50% match/50% non-match). Probe items consisted of face and scene images equally.  
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 Each trial was followed by a variable ITI (8000ms, 10000ms, or 12000ms), making the 

average total trial duration 30s. Subjects completed six runs consisting of 12 trials while in the 

scanner, each with four select-face trials, four select-scene trials, and four non-selection trials. 

Match and non-match trials were distributed equally within blocks. Except in match trials, where 

the cued image was shown twice (once during the initial presentation phase then again during the 

probe phase), no face or scene image was repeated during the WM selection task.  

 Presentation order for selection and non-selection trials was counterbalanced between 

runs. Within each run, positive and negative responses were balanced for each cue condition. 

Similarly, the presentation order of face and scene stimuli was counterbalanced for each cue 

condition. Stimuli-type (male vs. female, building vs. house) was counterbalanced between trials 

of the same type and trials in the same run. Trial orders for each run were constructed such that 

no more than three responses of the same type (positive vs. negative) were presented 

consecutively.  

 Response accuracy and reaction times were recorded for each trial. Reaction times were 

ultimately calculated for correct trials only. The behavioral benefit of selection for, both face and 

scene stimuli, was calculated for each subject by subtracting the average reaction time (RT) from 

selection trials from the average RT of the non-selection trials for each stimuli category. 

 

2.2.5 General Experimental Procedure 

 All subjects were scanned less than one week following the completion of their SCID. 

Immediately before scanning, subjects completed a battery of questionnaires including the 

inventory of depressive symptomatology (IDS) (Rush et al., 1996), the ruminative responses 

scale (RRS) (Nolen-Hoesksema & Morrow, 1993), and the state questionnaire from the trait 

anxiety inventory (STAI) (Speilberger et al., 1983).  

 Subjects were trained on the functional localizer and WM selection task prior to 

scanning. Practice runs included task parameters similar to those completed in the magnet, but 

featured unique face, scene, and object stimuli. For the localizer task, subjects completed 

practice runs that included three blocks (1 face, 1 scene, 1 object). If, at the end of this training 

subjects were still unsure about the procedure for this task, they completed another practice run. 

No subject required more than two practice runs for the functional localizer. For the WM task, 

subjects completed practice runs that were identical to those they were to complete in the 

magnet. Subjects completed sufficient practice runs to achieve greater than eighty percent 

response accuracy. No subject required to more than three practice runs of the WM task. 

To prevent subject distress and minimize motion-related artifacts during scanning, 

subjects were acclimated to the MRI scanning environment for 10-15 minutes using the mock-

MRI scanner located in the Psychology department at Stony Brook University. Including the 

completion of questionnaires, training, and mock scanning, the completion of all pre-scanning 

tasks required approximately one hour. 

 While in the magnet, subjects made responses by pressing a button on a button box using 

their index finger. Visual stimuli were presented using E-Prime 2 (Psychology Software Tools, 

Pittsburgh PA). All face, scene, and object images were cropped to 186 x 250 pixels, gray-

scaled, and equalized for brightness. The background of all images was filled with a uniform 

gray (RGB: 139, -137, -137), as was the background display during the WM selection task and 

all post-scanning behavioral tasks. Including the collection of both anatomical and functional 

images, subjects were in the magnet for approximately one hour.  
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 Following scanning, subjects completed an additional series of behavioral tasks. To 

examine memory strength for cued and non-cued images, subjects were asked to complete a 

post-memory task. In this task, subjects were asked to identify if face and scene images were or 

were not presented during the preceding WM task. All face and scene images from the WM task 

were presented during this task, as were 60 new (not previously seen) images.  

Though all images in the present study were judged to be emotionally neutral, all subjects 

were also asked to rate the valence (-5 = very negative, 5 = very positive, 0 = neutral) of each 

stimuli presented during the prior phases of the experiment. This was done to disentangle the 

potential confound of MDD group and healthy control subjects attributing different emotional 

content to face and scene images.  

 Finally, after completing the post-memory and valence rating tasks, all subjects 

completed an automated version of the operation span task (Unsworth et al., 2005). After 

completion of these tasks, subjects were asked to complete another state questionnaire from the 

STAI, the trait questionnaire from the STAI, and were debriefed (see table 1.01).  

All subjects were paid for their participation. The completion of all post-scanning tasks 

required approximately one hour, meaning that subjects spent a total of approximately three 

hours in the lab on the day of scanning. Depending on the duration of their SCID, this meant that 

subjects spent a total of between 3.5 and 4.5 hours participating in this experiment. Subjects were 

paid for their participation. 

 

2.2.6 Image Acquisition Parameters 

Whole-brain images were acquired using the Siemens Trio 3T system (Siemens, 

Erlangen, Germany) located at Stony Brook University. High-resolution anatomical images were 

acquired with both a T1-weighted gradient echo pulse (MP RAGE) sequence (TR = 1900ms, TE 

= 2.53ms, flip angle = 9 degrees, Matrix = 256 x 256, FOV = 250 x 250mm, 176 slices, voxels = 

0.98 x 0.98 x 2mm) and a T1 in-plane anatomical volume (TR = 300, TE =5, flip angle = 60 

degrees, Matrix = 256 x 256, FOV 220 x 220mm, voxels = 0.86 x 0.86 x 4.03mm), consisting of 

33 axial (3.5mm with a 0.5mm gap, collected ascendingly and sequentially) slices collected 

parallel to the anterior-commissure posterior commissure (AC-PC) line. 

 For functional scans, volumes were acquired using a T2* weighted EPI sequence (TR = 

2000ms, TE = 30ms, flip angle = 80 degrees, Matrix = 72 x 72, FOV = 220 x 220mm, voxel size 

= 3.1 x 3.1 x 3.5mm, 180 volumes collected per run of the WM task, 200 volumes for the 

localizer). Each functional volume consisted of 33 axial slices (3.5mm with a 0.5mm gap, 

collected ascendingly and sequentially). Three additional (dummy) volumes were acquired at the 

beginning of each functional run to allow the MR signal to reach equilibrium. These volumes 

were discarded from the dataset before image processing and analysis.  

 A total of 7 functional runs were collected for each subject (including the localizer). 

Because of supra-threshold motion (greater than 0.5mm within a functional run, greater than 

5.0mm over the course of the whole experiment) as detected manually and via the ArtRepair 

toolbox (Mazaika et al., 2005), approximately 8.08% of runs were removed overall. The two 

groups had an identical range of number of runs removed (0-2).  

 

2.2.7 Image Processing Parameters 

Preprocessing and statistical analyses were conducted using SPM8 (Wellcome 

Department of Cognitive Neuroscience, London, UK; www.fil.ion.ucl.ac.uk/spm). Functional 

images were corrected for differences in slice timing. Head motion was corrected using a six-
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parameter rigid-body correction to re-align each image to the first volume of the middle run. 

Runs with greater than 3mm in translational or 1.5 degrees in rotational motion were removed 

from later analyses. High-resolution images were segmented into gray and white matter and co-

registered with the mean functional image. Images were normalized to the MNI gray matter 

template using a 12 parameter affine registration followed by nonlinear transformations. 

Functional images were then smoothed with a 6mm FWHM Gaussian kernel.  

Image distortion and spin history errors caused by scanner spikes were repaired by 

interpolation from the nearest unaffected volumes using the ArtRepair toolbox (Mazaika et al., 

2005; http://cibsr.stanford.edu/tools/ArtRepair/ArtRepair.htm), an SPM toolbox commonly used 

to recover datasets with motion artifacts in studies examining psychiatric populations (Mazaika 

et al., 2005; 2007; 2009). Runs with 10% or more repaired volumes were excluded from all 

subsequent analyses. An independent samples t-test comparing number of repaired volumes 

between groups was insignificant [t(28) = 1.21, p=0.24], though on average more volumes were 

repaired in the MDD group (range: 7- 76, mean = 35.1) than the control group (range: 7- 52, 

mean = 23.5).  

 

2.2.8 SPM Analyses 

The General Linear Model (GLM) was used to construct a design matrix for the 

functional localizer for each subject. Epochs for each block category (face, scene, object) were 

modeled with a boxcar function and convolved with a canonical hemodynamic response 

function.  

For the WM selection task, onset times for the presentation of the stimuli, the cue, the 

middle of the post-cue delay period, and the probe were defined for each cue condition. The 

onset times and duration of these event within any given trial were as follows: stimuli (onset = 

4s, duration = 2s), cue (onset = 9s, duration 1s), delay period (onset = 14.5s, duration 0s), and 

probe (onset = 19s, duration = 2). Following a procedure used in previous studies of delay-

related activity (e.g. Postle et al., 2000), the middle of the delay period (5.5 seconds after the 

onset of the cue) was used as an onset vector for the delay period. 

 Individual contrast images from the functional localizer and working memory tasks were 

included in second-level group analyses designed to examine different patterns of activity 

between the MDD and control groups. For within-group contrasts, a one-sample t-test was 

applied to assess effects of interest using the corresponding contrast images from each subject 

within each group. Between group contrasts were constructed similarly, but with contrast images 

entered into an independent means t-test. Clusters were first examined at a pre-specified 

threshold (p < 0.001, voxel extent: 6). Clusters observed at this threshold were considered 

statistically significant only if they survived FDR correction at the cluster level (Chumbly & 

Friston, 2008; Friston et al., 1991; 1995; Genovese et al., 2002). 

 

2.2.9 Region of Interest Definition 

Region of interest (ROI) analysis was conducted using the MarsBar toolbox for SPM 

(Brett et al., 2002; http://marsbar.courceforge.net). ROIs in the face network included the 

(bilateral) FFA, OFA, STS, and amygdala. ROIs in the scene-processing network included the 

(bilateral) PPA, RSC, and TOS. To define face and scene selective ROIs, face>scene and 

scene>face contrasts from the functional localizer task were examined at a relatively low 

threshold for each subject (p < 0.001, uncorrected; 0.01 uncorrected if no significant clusters 

were visible at higher threshold). If significant clusters were not visible at these thresholds, 
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face>baseline and scene>baseline contrasts were examined using a similar procedure (at the p < 

0.001 threshold only). Coordinates for peak clusters within individual contrasts were then 

compared to mean coordinates from previous studies (e.g. Oh & Leung, 2010). Spherical 5mm 

ROIs were constructed at peak coordinates within 10mm of the group mean. When there were no 

visible clusters for a particular ROI or when visible clusters were greater than 2.5 standard 

deviations away from either the group mean or coordinates reported in previous studies, average 

coordinates were used.  

Group contrasts showing face and scene network ROIs for the healthy control and MDD 

groups are shown in figure 2.02. Average coordinates for each ROI are shown in table 2.07. In 

general, average coordinates did not significantly differ between MDD and control group 

subjects. However, clusters (and therefore ROIs) were significantly more ventral in the left 

[t(26)=3.14, p<0.01] and right [t(27)=2.05, p<0.05] PPA for MDD group subjects compared to 

controls. 

 

2.2.10 Selectivity Index Calculation 

 A selectivity index, representing the degree to which a region selectively responded to 

face or scene stimuli, was calculated for each ROI. To calculate this value, face and scene-related 

activity was extracted from each ROI for each subject during the functional localizer task and the 

cue, delay, and probe phases of the working memory task. As in previous studies examining 

selectivity in face network regions (i.e. Grill-Spector et al., 2006), a selectivity index values was 

computed using the following formula: 

 

Preferred+edNonpreferr

PreferrededNonpreferr
=ySelectivit


 

 

To calculate selectivity in face network ROIs during the functional localizer task, average 

percent signal change during face blocks was entered as the preferred value and average signal 

change during scene blocks was entered as the non-preferred value. The reverse procedure was 

used to calculate selectivity for scene network regions. To calculate selectivity during the WM 

task, complementary procedures were used for face and scene selection trials during the cue, 

delay, and probe phases.  

 To prevent inflation of selectivity indices due to the inclusion of negative signal change 

values, we instituted the following procedure: First, regions of interest with negative percent 

signal change values at any time point of either the functional localizer (see figures 2.03) or the 

WM task (see figure 2.05) were identified for each subject. Then, for each identified region, a 

constant equal to the additive inverse of the most negative time point was added to all signal 

change values for that region- thus raising the lowest value to zero while maintaining the 

distance between the signal change curves for the preferred and non-preferred stimuli (for 

reference, see figure 2.07b).  

This correction was especially important when calculating selectivity in ROIs that 

exhibited negative signal change for all conditions after baseline (i.e. the left and right RSC). 

This procedure has been used in previous studies investigating selectivity within the face and 

scene networks (i.e. Simmons et al., 2007).  
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2.3 Results 
 

 Healthy control and MDD group subjects did not significantly differ in measures of task 

performance (overall response accuracy, RT, and selection benefit), working memory capacity 

(as measured by the operation span), or the degree to which face and scene network ROIs could 

be identified from the localizer task results. Control and MDD group subjects demonstrated no 

significant differences in regional specificity during the localizer task. Similarly, while decreased 

specificity for the appropriate visual category was detected in face and scene network ROIs 

among MDD group subjects during the post-cue delay period of the WM task, between-group 

comparisons did not reach significance with two-tailed tests and were insignificant. When 

regional specificity for the preferred visual category (faces or scenes) was quantified for each 

ROI in each subject individually, MDD-related decreases in selectivity approached, but did not 

reach, statistical significance. However, significant correlations emerged between selectivity 

index values for both face and scene network ROIs and measures of task performance and 

disease severity. Such correlations were significant only in MDD group subjects. 

 

2.3.1 Behavioral Results 

 Aside from measures of MDD symptomatology, the healthy control and MDD groups 

scored quite similarly across all behavioral measures. These results are summarized in table 2.01. 

Response accuracy and reaction time data was analyzed by independent samples t-test. Group 

differences in overall response accuracy and reaction time for the WM task where insignificant 

[accuracy: t(28) = 1.61, p = 0.12; RT: t(28) < 1], though the healthy control group showed 

slightly higher response accuracy (mean: 88.22%, stdev: 7.61%) than the MDD group (mean: 

83.81%, stdev: 7.34%) and MDD-group subjects were slightly faster (mean: 1044.87ms, stdev: 

249.58ms) than controls (mean: 1080.15, stdev: 251.37ms). When examined using a one-way 

analysis of variance (ANOVA), a main effect of probe type on response accuracy was significant 

[f(1,28) = 5.86, p < 0.05], with higher accuracy observed for face probes (average: 87.7%) than 

scene probes (average: 83.8%). The main effects of cue type (selection versus non-selection) 

[f(1,28) < 1] and of group (Controls versus MDD) [f(1,28) = 1.84, p = 0.19] on response 

accuracy were not significant. When examined in the same manner, a main effect of cue type on 

reaction time was significant [f(1,28) = 52.01, p<0.0001], with shorter RTs observed in trials 

with selection cues (average: 1026.28ms) than non-selection cues (average: 1123.75ms). Main 

effects of probe type [f(1,28) = 2.08, p=0.16] and group [f(1,28) = 2.78, p=0.11] on reaction time 

were not significant. 

 Both groups showed a significant benefit for selecting both faces [HC: t(14) = 4.306, p < 

0.01l; MDD: t(14) = 3.274, p < 0.01] and scenes [HC: t(14) = 4.306, p < 0.01l; MDD: t(14) = 

2.766, p < 0.05], with the selection benefit slightly higher in the control group for both (faces: 

mean = 114.93ms, stdev = 101.09ms; scenes: mean = 125.72ms, stdev = 113.08) compared to the 

MDD group (faces: mean = 85.56ms, stdev = 101.27; scenes: mean = 64.28ms, stdev = 93.12). 

However, group differences in the behavioral benefit of selecting face [t(28) < 1] and scene 

[t(28) = 1.63, p = 0.12] stimuli were not significant.  

 As expected, group differences in scores on the IDS [t(28) = 10.141, p < 0.0001], RRS 

[t(28) = 7.58, p < 0.0001, STAI-Trait [t(28) = 7.64, p < 0.0001], and STAI-State measures 

recorded both before [t(28) = 3.58, p < 0.05] and after [t(28) = 2.30, p < 0.05] scanning were 

statistically significant, with the MDD group showing significantly higher scores on each 

questionnaire compared to controls. Group differences in valence ratings [t(28) = 1.32, p = 0.20], 
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post memory scores [t(28) < 1], and operation span scores [t(28) = 1.46, p = 0.16] also did not 

reach statistical significance. For one subject in the MDD group, post-memory scores could not 

be obtained because of technical problems. Finally, demographic variables such as education 

[t(28) < 1] and subject age [t(28) < 1] did not significantly differ between groups.  

 

2.3.2 Functional Localization of Face- and Scene-Specific Brain Areas (Localizer Results) 

The purpose of the functional localizer task was to identify brain regions showing 

category specific activations towards faces and scene stimuli. In within group analyses, both the 

healthy control and MDD groups showed significant clusters in face block > scene block and 

scene block > face block group contrasts (p<0.001, FDR corrected at the cluster level, voxel 

extent ≥ 6). As shown in Table 2.02, face selective clusters for the control group included the 

right FFA, left and right amygdala, right STS, and cuneus. A cluster in the right OFA also 

approached significance after FDR correction. In the MDD group, face selective clusters 

included the right OFA as well as the right and left amygdala. A cluster in the right FFA also 

approached significance (Figure 2.02a, Table 2.03). As shown in Table 2.04, scene selective 

clusters in the healthy control group included the left and right PPA, left and right TOS, and left 

and right RSC. Scene selective clusters for the MDD group included the left and right PPA, the 

left and right TOS, the left RSC, and the left SPL (Table 2.05).  

Between group comparisons demonstrated that the healthy control group showed 

significantly greater activity in the left superior frontal gyrus in face>baseline contrasts 

compared to the MDD group (Table 2.06). Between group comparisons of scene>baseline, 

face>scene, and scene>face contrasts revealed no significant clusters at our statistical threshold 

(p < 0.001, FDR corrected at the cluster level; voxel extent ≥ 6).  

 

2.3.3 Identification and Evaluation of Face and Scene Selective ROIs 

As shown in table 2.07, we were successful in identifying face and scene network ROIs 

in both healthy control and MDD group subjects. Regions in the scene-processing network 

showed an especially large overlap in comparisons of control and MDD group subjects (see 

Figure 2.02.). To evaluate group differences in the specificity of face and scene network ROIs, 

average signal change values were calculated for face and scene blocks for each subject. Using 

an average of the first two volumes of each block as baseline, percent signal change values were 

calculated for each subsequent volume (Figures 2.03, 2.06a). Average signal change values 

extracted from volumes 5-8 of each block (the last 8 seconds of face/scene/object block 

presentation) were then used to calculate an overall signal change score for each block type. 

Signal change values for face and scene blocks were then entered into a series of repeated 

measures ANOVAs designed to test the main effects of group and block type in each region.  

As expected, the main effect of block type (face versus scene) was significant in the left 

[f(1, 28) = 40.38, p < 0.0001] and right [f(1, 28) = 92.68, p < 0.0001] FFA, left [f(1, 28) = 34.30, 

p < 0.0001] and right [f(1, 28) = 50.09, p < 0.0001] OFA, right STS [f(1, 28) = 9.11, p < 0.01], 

and left [f(1, 28) = 17.96, p < 0.0001] and right [f(1, 28) = 31.12, p < 0.0001] amygdala. The 

main effect of group and interactions between block type and group were not significant for any 

face network ROI. 

For scene network ROIs, the main effect of block type was significant in the left [f(1, 28) 

= 89.14, p < 0.0001] and right [f(1, 28) = 81.14, p < 0.0001] PPA, left [f(1, 28) = 58.14, p < 

0.0001] and right [f(1, 28) = 50.18, p < 0.0001] TOS, and left [f(1, 28) = 10.03, p < 0.01] and 
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right [f(1, 28) = 27.56, p < 0.0001] RSC. The main effect of group and interactions between 

block type and group were not significant for any scene network ROI. 

 

2.3.4 Selective Information Processing in Face and Scene-Selective Regions (WM Task Results) 

 Within and between-group analyses examining clusters showing greater activity during 

select-face trials than select-scene trials revealed no significant clusters during the stimuli, cue, 

or probe phases of the WM selection task for either group (p < 0.001, FDR corrected at the 

cluster level; voxel extent ≥ 6). Following FDR correction instituted at the cluster level, one 

cluster in the somatosensory cortex (peak coordinates: x = 18, y = -31, z = 55; extent; 45 voxels) 

approached significance (t= 5.19, p = 0.08) during the delay period in the between-group 

MDD>controls, Face>Scene contrast.  

 In within-group comparisons of regions showing increased activity during select-scene 

trials than during select-face trials (Select-scene>Select-face), specificity for scene stimuli was 

observed in scene network ROIs during both the cue and probe phases of the WM task for both 

the healthy control and MDD groups, with significant scene-selective clusters observed during in 

the post-cue delay period in the control group only. During the cue phase, the healthy control 

group showed significant clusters (p < 0.001, FDR corrected at the cluster level; voxel extent ≥ 

6) in the left and right PPA, left and right TOS, and right RSC (Table 2.08) during the cue phase 

of the WM task. In contrast, following FDR correction, the MDD group showed a significant 

cluster in the left PPA only. Activations within the right PPA, right TOS, and left RSC also 

showed supra-threshold activity in MDD group subjects during the cue phase, though these 

clusters did not survive FDR correction at the cluster level (Table 2.09). During the post-cue 

delay period, only the control group showed any significant clusters in select-scene>select-face 

comparisons, with significant clusters observed in both the left and right PPA as well as a cluster 

within the somatosensory cortex (Table 2.10). During the probe stage, significant clusters in the 

left and right PPA and left TOS were observed in both groups (Tables 2.11, 2.12), with the MDD 

group also demonstrating a significant cluster in the right TOS (see Figure 2.04) 

 Using the average of the first two volumes of each trial as baseline, average percent 

signal change was calculated for each ROI during the WM task (see figures 2.5, 2.06). Percent 

signal change for select-face, select-scene, and non-select trials with face and scene probes were 

calculated for each scan. To examine the main effects of group and cue-type (select-face versus 

select-scene versus non-selection) during the cue and delay phases of the WM task, average 

values for each ROI during these phases (scans 5-7 and scans 8-10 respectively) were calculated 

for each subject and entered into a series of one-way analyses of variance. Similarly, to examine 

the main effects of group (Controls versus MDD), cue-type (selection versus non-selection), and 

probe-type (face versus scene) during the probe phase, average values for each ROI were 

calculated during this stage for each subject (scans 12-14) and entered into a repeated measures 

ANOVA. 

 During the cue phase of the WM task, the main effect of group was insignificant for all 

face network ROIs [f(1,27) < 1]. For scene network ROIs, the main effect of group was 

significant only in the left PPA, which showed significantly greater activity in the MDD group 

compared than in controls [f(1,27) = 6.14, p < 0.05]. A main effect of cue (select-face versus 

select-scene versus non-selection) was insignificant for all face network ROIs and only trended 

towards significance in the right RSC [f(2,27) = 2.69, p = 0.08], with this region showing greater 

activation following select-face and select-scene cues than non-selection cues. Finally, during the 

cue phase, a significant group by cue interaction was observed to trend towards significance in 
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the right PPA [f(2,27) = 2.69, p = 0.08], which showed greater activations following select face 

and non-selection cues in MDD group subjects than in controls. T-tests directly comparing 

activity in this region during these conditions were not significant. 

 During the post-cue delay period, the main effect of group trended towards significance 

only in the left PPA [f(1,28) = 4.01, p = 0.06), which showed greater activity in MDD group 

subjects than controls. The main effect of cue (select-face versus select-scene versus non-

selection) was significant in the right FFA [f(2,27) = 7.83, p < 0.01], with this region 

demonstrating increased activity during select-face trials than during select-scene and non-

selection trials. As expected given previous studies of this area (most notably Oh & Leung, 

2010), a main effect of cue-type was significant in the left [f(2,27) = 3.30, p < 0.05] and right 

[f(2,27) = 3.35, p < 0.05] PPA, with increased activity observed in these regions during select-

scene trials compared to select-face and non-selection trials. A similar pattern also trended 

towards significance in the right RSC [f(2,27) = 2.40, p = 0.10]. Unfortunately, as indicated by 

Mauchly’s Test of Sphericity, comparisons these scene-network regions violated the assumption 

of sphericity [left PPA: X
2
(2) = 14.56, p < 0.01; right PPA: X

2
(2) = 7.64, p < 0.05; right RSC: 

X
2
(2) = 11.62, p < 0.01]. With the Huynh-Feldt correction applied, the effect of cue type in these 

regions was no longer significant [f < 1]. No group by cue-type interactions was significant 

during the delay phase. 

 During the probe phase, the main effect of group was not significant for any face or scene 

network ROI. Only the left OFA showed a significant main effect of cue-type [f(1,28) = 5.77, p < 

0.05], with this region showing greater activity during selection trials (select-face and select-

scene) than non-selection trials. A similar pattern also trended towards significance in the right 

TOS [f(1,28) = 3.72, p = 0.06]. A main effect of probe-type (face versus scene) was significant in 

multiple face and scene network ROIs. Among face network ROIs, the right FFA [f(1,28) = 

16.18, p < 0.0001] and right STS [f(1,28) = 5.39, p < 0.05] showed a significant main effect of 

probe-type, with these regions each showing significantly greater activity in response to face 

probes than scene probes. This pattern also trended towards significance in the left FFA [f(1,28) 

= 3.74, p = 0.06], right OFA [f(1,28) = 3.48, p = 0.07], left STS [f(1,28) = 3.56, p = 0.07], and 

right amygdala [f(1,28) = 3.73, p = 0.06]. Among scene network ROIs, the left [f(1,28) = 47.57, 

p < 0.0001] and right [f(1,28) = 31.40, p < 0.0001] PPA, left [f(1,28) = 27.065, p < 0.0001] and 

right [f(1,28) = 22.43, p < 0.0001] TOS, and right RSC[f(1,28) = 6.14, p < 0.05] all showed a 

significant main effect of probe, with each of these regions showing significantly increased 

activity in response to scene probes compared to face probes. A similar pattern also trended 

towards significance in the left RSC [f(1,28) = 3.34, p = 0.08]. Cue-type (selection versus non-

selection) by group (MDD group versus healthy control group) interactions were significant in 

both the left OFA [f(1,28) = 4.58, p < 0.05] and right STS [f(1,28) = 5.40, p < 0.05], with healthy 

control group subjects showing significantly greater activity during non-selection trials compared 

to MDD group subjects [STS: t(28) = 2.75, p < 0.05]. Group by probe-type (face versus scene) 

and group by cue-type by probe-type interactions were not significant for any ROI during the 

probe phase. 

 

2.3.5 Selectivity of Face and Scene Network Regions for their Preferred Visual Category 

 To more precisely quantify group differences in regional selectivity for face or scene 

stimuli, selectivity index values were calculated each ROI during the functional localizer task 

and the cue, delay, and probe phases of the WM task for each subject. Group differences in 

selectivity were then evaluated using a series of independent samples t-tests. The relationship 
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between selectivity for the preferred visual stimuli and behavioral measures of MDD 

symptomatology and other behavioral measures were assessed using bivariate correlations 

 As shown in figure 2.07, group differences in selectivity index values were not 

significant for any face network ROI during the functional localizer task. In contrast, MDD 

group subjects showed significantly lower selectivity in several scene network regions- 

specifically the left PPA [t(28) = 2.53, p < 0.05], right PPA [t(28) = 2.34, p < 0.05], and left RSC 

[t(28) = 2.07, p < 0.05]. These decreases to be driven by increased activity during face blocks in 

MDD subjects compared to controls, rather than a decrease during scene blocks. During face 

blocks, increased activity for MDD subjects compared to controls was significant in the left PPA 

[t(28) = 2.18, p < 0.05] and trended towards significance in the right PPA [t(28) = 1.88, p = 

0.07].  

During the WM task, a main effect of group on selectivity index was not significant for 

any face or scene network ROI during the cue, delay, or probe phases except for the left RSC 

during the probe phase [t(28) = 2.24, p< 0.05]. Decreased selectivity for the MDD group 

compared to controls also approached significance in RSC during the delay phase [t(28) = 1.99, 

p = 0.06] (Figure 2.12). As shown in figures 2.08, scene network ROIs such at the PPA was 

highest during the post-cue delay and probe phases for both groups. Selectivity indices for each 

ROI during the cue, delay, and probe phases for the WM task are summarized in figure 2.09. 

 

2.3.6 Correlations between Regional Selectivity Index and Behavior 

 For subjects in the MDD group, several notable correlations emerged between selectivity 

indices calculated during the WM selection task, behavioral measures of working memory 

performance, and scores on questionnaires measuring MDD symptomatology for subjects in the 

MDD group. For face network ROIs, selectivity in the left FFA during the post-cue delay period 

negatively correlated with overall response accuracy [r(15) = -0.59, p < 0.05]. As shown in 

figure 2.10a, along with similarly significant correlations in the left [r(15) = 0.64, p < 0.05] and 

right [r(15) = 0.69, p < 0.01] OFA, selectivity in the left FFA [r(15) = 0.80, p < 0.0001] during 

the probe stage significantly correlated with the behavioral benefit of selecting face stimuli.  

For scene network ROIs, selectivity in the right PPA during the post-cue delay period 

positively correlated with the behavioral benefit of selecting scene stimuli [r(15) = 0.63, p < 

0.05]). Similar to what was observed in face network ROIs, selectivity in the left PPA also 

correlated with the benefit of selecting scene stimuli r(15) = 0.52, p < 0.05 during the probe 

stage (Figure 2.10b). Selectivity in the left PPA [r(15) = 0.63, p < 0.05] and right TOS [r(15) = 

0.54, p < 0.05], during the delay phase positively correlated with overall response accuracy. 

 Finally, as shown in figure 2.10c, selectivity indices in several scene network ROIs also 

negatively correlated with IDS score. In the left PPA [r(15) = -0.53, p < 0.05] and right RSC 

[r(15) = -0.61, p < 0.05], selectivity indices negatively correlated with IDS score during the post-

cue delay phase, with no significant correlations observed in these regions between selectivity 

indices and any measure of disease severity or symptomatology during the cue and probe phases. 

 

2.4 Chapter Discussion 
 

 In the present study, we investigated the effect of major depressive disorder (MDD) on 

information processing in brain regions associated with the selective processing of face and 

scene stimuli. In these regions, MDD group subjects showed a similar pattern of activity during 

the functional localizer and WM selection tasks as healthy control subjects, insofar as both 
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groups showed the same stimuli-specific activity observed in previous studies (e.g. Epstein et al., 

1998; Kanwisher et al., 1997; Lepsien & Nobre, 2007; Oh & Leung, 2010). Between group 

differences were observed primarily in the selectivity exhibited within face and scene selective 

regions.  

Contrary to our initial hypothesis, MDD-related disruptions in selective information 

processing were significant, primarily, in brain regions investigated for their role in the selective 

processing of scenes- most notably the parahippocampal place area (PPA) and retrosplenial 

cortex (RSC)- rather than in regions involved in face processing. However, because decreases in 

selectivity in these regions were related to increased signal change in response to select-face cues 

(rather than decreased signal change during select-scene cues), these findings indicate that the 

processing of faces may be significantly, if not uniquely, disrupted in MDD.  

 

2.4.1 The PPA and RSC: Beyond Selective Scene Processing 

 The results of our analyses could be interpreted in the context of studies investigating the 

influence of emotion on information processing. Converging evidence from behavioral and fMRI 

studies suggest that the processing of non-face visual information, even in healthy subjects, may 

be significantly influenced by emotional context. For example, a series of studies by Bocanegra 

and Zeelenberg (2007; 2009) demonstrated that the presentation of negative faces impairs later 

visual perception. Specifically, the presentation of a negative (fearful) face impairs later 

perception of high spatial frequency targets and appears to enhance the perception of low 

frequency targets (Bocanegra & Zeelenberg, 2009). Work by Schmitz and colleagues (2009) 

indicate that these differences may relate to disruptions in brain regions analogous to the scene-

network ROIs in the present study. When presented with sad faces, healthy subjects showed a 

decreased response within the parahippocampal gyri in response to peripherally presented scene 

stimuli compared to scenes presented alongside happy or neutral faces (Schmitz et al., 2009). 

However, though our valence rating task was a (relatively) coarse measure of how MDD and 

healthy control subjects perceived the emotional content of the visual stimuli employed in the 

present experiment, the absence of significant between-group differences on any behavioral 

metric indicates that any explanation of our findings based only on between group differences in 

emotion perception is insufficient.  

In parallel to research indicating a link between emotional context and activity in scene-

selective brain regions, a burgeoning body of work has demonstrated the involvement of the 

parahippocampal gyrus and retrosplenial cortex in memory encoding and retrieval (for review, 

Brown & Aggleton, 2001; Squire et al., 2004; Ranganath & Ritchey, 2012; Van Strian et al., 

2009). Source memory studies have demonstrated a reliable correlation between increased 

BOLD activity in the parahippocampal gyrus during memory encoding and retrieval and later 

successful recollection of contextual information (Davachi et al., 2003; Ranganath et al., 2004; 

Diana et al., 2007). Likewise, the RSC appears to show increased activity during the retrieval of 

contextual information, though its role in the encoding of context is, thus far, unclear (Daselaar 

et al., 2009; Johnson et al., 2009; Yanelinas et al., 2005) Because of these results, several 

researchers have proposed that these regions primarily subserve contextual processing rather 

than just the selective processing of scenes (Bar et al., 2007; 2008; Epstein et al., 2008). 

In addition to their role in scene and contextual processing, the parahippocampal gyrus 

and retrosplenial cortex have also been shown to be involved in social cognition, with a recent 

meta-analysis demonstrating that clusters within the PPA and RSC observed to be active during 

memory tasks largely overlap with those active during theory of mind tasks (Spreg et al., 2009). 
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In a recent review, Ranganath and Ritchey (2012) synthesized the memory, perceptual, and 

social functions of the PPA and RSC (as well as the perirhinal cortex) into a comprehensive 

model concerning the neural basis of memory-guided behavior. This model includes two 

anatomically and functionally distinct sub-systems: the posterior medial system, which includes 

the parahippocampal and retrosplenial cortices, and appears to be involved in forming situational 

models and the anterior temporal system, which includes the orbito-frontal cortex and amygdala, 

and appears to be involved in assessing salience (Ranganath & Ritchey, 2012).  

 

2.4.2 MDD and the Posterior Medial System 

The results of the present study could be interpreted as evidence for a specific deficit in 

the processing of visual scenes during MDD. However, this is unlikely given the robust literature 

demonstrating other cognitive and social deficits during the disease. For example, subjects with 

MDD report significantly fewer specific and autobiographical memories when prompted than 

controls (Vam Vreeswojk & de Wilde, 2004), a difference that is reflected by significantly 

decreased activity within the hippocampal and parahippocampal gyri during the recall of 

autobiographical memories (Young et al., 2012). Furthermore, in addition to memory-related 

difficulties, depressed subjects also show significant deficits in theory of mind (McCullough, 

2003) and significantly decreased sensitivity to context whole engaging in emotional processing 

(Rottenberg et al., 2005)- all of which is more consistent with a disruption in brain regions 

involved in the generation of situational models than in those associated with simply the 

processing of scenes (or, for that matter, faces). 

 Subjects with MDD have often been found to have significant difficulties in situations in 

which their behavior is not structured or constrained by task rules (e.g. Hertel & Rude, 1991; for 

review, Hartlage et al., 1993; Hertel, 1998). These findings have often been linked to MDD-

related deficits in inhibition (see Gotlib & Joormann, 2010) or an overall decrease in “cognitive 

resources” (see Burt et al., 1995). However, because unconstrained situations often require 

cognitive flexibility, goal-driven behavior, and cognitive control (Hertel, 2004), such deficits 

could also arise from a more general difficulty in the generation of situational modals rather than 

deficits specific to just cognitive inhibition or cognitive resources.  

Though the complexity of MDD symptoms implies that the disease likely affects 

functioning in brain regions beyond just those in the posterior medial system as defined by 

Ranganath and Ritchey (2012), the results of the analyses described in this chapter do support a 

link between the breadth of cognitive deficits observed during the disease and MDD-related 

disruptions in regions involved in generating appropriate situational models. Though we initially 

predicted that the processing deficits present in MDD would be unique to face stimuli and would 

be reflected in disruptions primarily in the face-processing network, our findings are indicative 

of a much broader disruption in cognitive processing, of which, perhaps owing to their strong 

social and emotional content, disruptions related to the processing of faces may be only the most 

obvious at the behavioral level.  

 

2.4.3 Face Processing Difficulties in MDD (Revisited) 

 In line with current hypotheses regarding category specific activations in visual 

association regions including (for review, Haxby et al., 2010; Nasr et al., 2011) and studies 

indicating that subjects with MDD may have a particular difficulty in the processing of face 

stimuli (for review, Hamilton & Gotlib, 2008; Stuhrmann et al., 201), we hypothesized that 

MDD-group subjects would show significant (and specific) disruptions in face-selective brain 



 

27 

 

regions including the fusiform (FFA) and occipital (OFA) face areas and superior temporal 

sulcus (STS). Instead, our results lent support to our alternative hypothesis- that MDD would be 

associated with a more general disruption evident in both the face and scene processing 

networks.  

 While the analyses described in this chapter demonstrated a disruption in scene selective 

regions in subjects with MDD compared to controls, we also found indications for disruptions in 

face-processing regions. As previously noted, between-group differences in regional specificity 

or selectivity did not reach statistical significance for any ROI in the face processing network 

during either the functional localizer or the WM selection task. However, as shown in figures 

2.15 and 2.17, the MDD group showed lower selectivity index values in the right FFA and 

bilateral OFA during the delay phase of the WM task than control subjects. Though these 

decreases were not statistically significant, because similar decreases in scene-selective ROIs 

also failed to reach statistical significance, it is possible that the (relatively) low sample size used 

in the current analyses masked a disruption in these regions that may be more subtle than the 

disruptions observed in scene network ROIs.  

Stronger evidence for MDD-related disruptions in face-selective regions comes from the 

significant correlations observed between selectivity index values and measures of behavioral 

performance. The presence of a significant positive correlation between selectivity index values 

during the post-cue delay period and the behavioral benefit of selecting face stimuli in the left 

FFA in MDD group subjects, as well as the significant correlations between selectivity at the 

probe stage and overall response accuracy in the left FFA and bilateral OFA, point to a 

relationship between MDD-related difficulties in performance on the WM task and the 

specificity of activity in these regions.  

A recent study designed to examine patterns of neural activity predictive of a treatment 

response to the muscarinic receptor antagonist scopolamine has indicated a significant 

relationship between treatment response and activity in the bilateral middle occipital cortex 

(MOC) in subjects with MDD (Furey et al., 2013). In this study, a negative correlation was 

observed between MOC activity during the WM task prior to treatment and treatment response. 

After treatment, a positive correlation was observed. Though correlations between symptom 

severity and regional selectivity were only significant in regions in the scene processing network 

in the present study, Furey et al.’s findings related to disrupted activity following the processing 

of face stimuli lend converging evidence that MDD likely also disrupts regions involved in face 

processing. Though selectivity indices in face network regions did not significantly correlate 

with measures of disease severity, as they did in the PPA and RSC, the results described in this 

chapter point to a link between disruptions in face processing regions and MDD-related declines 

in behavioral performance that should be investigated in future studies. 

 

2.4.4 Future Directions 

 Interpreting the findings of the present study as evidence for significant disruptions 

within a network that includes the PPA and RSC during MDD, does not and should not, diminish 

the importance of work showing MDD-related disruptions in other brain regions. MDD involves 

disrupted activity in a broad range of cortical and subcortical regions (e.g. Mayberg. 1997; 

1999). Though the present study indicates that there is disruption detectable within the “scene-

processing network,” it is extremely likely that such disruption is related to disruptions 

elsewhere- including in the PFC and the amygdala.  
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 Though the present study indicates that MDD-related disruptions in visual processing are 

not limited to deficits in face processing, these results open several new questions regarding the 

neural basis of cognitive deficits in MDD. Of these, questions regarding the relationship between 

the disruptions observed in the present study and activity in the wider brain circuit supporting 

working memory (WM) are addressed in the analyses described in the next chapter. Further 

questions, related to the use of emotionally valenced stimuli, broader subject populations, and 

more advanced research techniques, should be addressed in future studies. 

 Emotionally neutral stimuli were used in the present study to investigate cognitive 

disruptions unrelated to the type of emotion regulation deficits commonly observed in subjects 

with MDD (Oschner & Gross, 2005). While this approach allowed us to detect dysfunction in a 

broad network of brain regions, it precluded us from investigating the interaction between 

emotion regulation and selective information processing. Evidence from work with healthy 

subjects indicates that negative stimuli could exacerbate the types of disruption observed in the 

present study (Bocanegra & Zeelenberg, 2009; Schmitz et al., 2009). However future research, 

using strongly valenced as well as emotionally neutral stimuli, is required to empirically examine 

this link in subjects with MDD compared to controls. 

 Because of practical constraints in subject recruitment, subjects in the present study were 

drawn from a relatively narrow demographic sample, consisting of relatively young and 

relatively well-educated participants, with MDD group subjects experiencing relatively mild 

symptoms. In the broader population, the symptoms of MDD are quite heterogeneous and likely 

interact with a large number of demographic variables (Carragher et al., 2009) outside the bound 

of the present study. However, correlations between selectivity index values and measures of 

behavioral performance and MDD symptoms indicate a close link between the severity of 

disruptions like those observed in the present study and demographic variables. Future studies 

are needed to delineate how the disruptions observed in the present study are affected by 

variables including disease etiology, symptom severity, medication status, and subject age. 

Studies examining the effect of subject age may be most pressing given findings indications of 

age-related decreases in specificity (age-related dedifferentiation) in both prefrontal and 

hippocampal regions (Giovanello & Schacter, 2011) and regions examined as part of the face 

and scene networks, (Park et al., 2004; Park et al., 2010). Furthermore, because the cognitive 

dysfunction observed in laboratory experiments does not easily map onto the type of cognitive 

dysfunction experienced by depressed individuals in their daily lives (Baune et al., 2010), future 

studies will be needed to assess how the results of the present study relate to dysfunction in more 

naturalistic settings- where selective information processing occurs alongside a multitude of 

other processes. 

 The present study was designed to investigate the neural basis of MDD-related deficits in 

selective information processing. Unfortunately, such deficits may occur at a scale not detectable 

by the techniques used. A region of interest (ROI) approach was used in the present study 

because of its utility in examining activity in functionally defined brain regions (e.g. the FFA and 

PPA) (see Poldrack, 2007), however this approach has several limitations. Perhaps the most 

widely cited criticism of using ROIs is that their use severely restricts the focus of researchers 

examining phenomena that may arise from activity in distributed networks of brain regions (see 

commentary by Friston et al., 2006). Essentially, the concern is that by focusing on relatively a 

relatively small number of regions, researchers will miss this larger picture of what is occurring 

in the brain. In general, researchers have overcome this limitation by using ROIs alongside a 

repertoire of other analysis techniques (Saxe et al., 2006). The analyses discussed in the next 
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chapter were carried out, partially, for this purpose. To examine how MDD affects activity WM 

processing in regions beyond just the face and scene-processing network, these analyses 

investigated how the disease affects functioning in regions throughout the entire brain. However, 

even beyond the techniques discussed in the next chapter, relatively new forms of analyses could 

be applied to the study of the effect of MDD on the face and scene-processing regions. Work 

using multi-variate pattern analysis (MVPA) has shown that spatial response patterns indicative 

of the selective maintenance of face and scene stimuli can be detected in both the FFA and PPA 

during the cue phase of a paradigm very similar to the one used in the present study (Han et al., 

2013). Future research using this technique is necessary to establish whether the results of the 

present study are due to the relatively low resolution of the methods used or if these results are 

indicative of disruptions also present at the level of pattern classification. 
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Chapter 3  

Major depressive disorder (MDD) is associated with disrupted activity in brain regions 

associated with WM selection 
 

3.1 Chapter Introduction 
 

  Beyond deficits specific to emotionally or socially relevant stimuli (such as human 

faces), there is growing evidence from behavioral and neuroimaging studies that MDD may be 

related to disruptions in component cognitive processes such as the maintenance and selection of 

information held within working memory (WM) (for review, Austin et al., 2001; Clark et al., 

2009; Hammar & Ardal, 2009; Mathews & MacLeod, 2005; Thomas & Elliott, 2009). In 

addition to the disruptions discussed in the previous chapter, MDD has been shown to 

significantly affect functioning in a number of brain regions involved in information processing 

including the cingulate cortex (e.g. Matthews et al., 2009; Mitterschiffthaler et al., 2003), the 

thalamus (e.g. Fu et al., 2005), the hippocampus (e.g. Werner et al., 2009), the basal ganglia (e.g. 

Robinson et al., 2012), the amygdala (e.g. Fales et al., 2008; Lee et al., 2008), and regions within 

the orbitofrontal, lateral, and medial prefrontal cortices (e.g. Mayberg,1999; 2003). While studies 

directly examining WM-related deficits have demonstrated disrupted activity in some of these 

same brain regions, the directionality and strength of such disruptions have proven to be quite 

heterogeneous (for review, Fitzgerald et al., 2008; Price & Drevets, 2010). For example, while 

disrupted activity in the lateral prefrontal cortex (lPFC) has often been reported, both hyper- and 

hypoactivity in clusters within this region have been observed in subjects with MDD compared 

to controls (for review, Fitzgerald et al., 2006). 

  This heterogeneity likely arises from several sources. In work with healthy subjects, 

individual differences in variables including subject age (e.g. Rajah & D’Esposito, 2005) and 

working memory capacity (e.g. Osaka et al., 2007) as well as study design parameters such as the 

presentation time of study stimuli and trial ordering (see Witt et al., 2013) have been shown to 

significantly affect the results of neuroimaging studies examining cognitive processing. When 

combined with additional sources of variability, such as the medication status of MDD-group 

subjects (e.g. Anand et al., 2005; Hamilton et al., 2008; Sheline et al., 2001), the potential for 

significant differences between study populations can complicate the interpretation of between 

group comparisons conducted within- and between studies comparing MDD and control group 

subjects. Partially owing to this complexity, it is presently unclear how MDD affects activity in 

the congregation of brain regions that support component cognitive processes including those 

involved in the selection and maintenance of information in WM. Disentangling precisely how 

differences in subject characteristics and study parameters contribute to the heterogeneity in the 

results of studies examining MDD-related cognitive deficits is beyond the scope of the analyses 

described in this chapter. Instead, these analyses were intended to investigate the effect of the 

disease on WM selection and maintenance in such a way as to either control for, or directly 

evaluate the effect of, individual differences while using task parameters previously drawn from 

a previous investigation of these processes in healthy subjects (Oh & Leung, 2010). 

  As noted in chapter one, the prefrontal cortex is a logical target for examining MDD-

related dysfunction in WM, owing to its role in emotion regulation (Oschner & Gross, 2005) and 

executive control (Miller & Cohen, 2001). Indeed, the PFC has long been examined for its role in 

instantiating WM in healthy subjects (see Fuster, 1973; 2008; Goldman-Rakic, 1987; 1990; 

Goldman-Rakic & Leung, 2002). Early conceptions of the PFC as a major site of WM 
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maintenance were derived from single unit electrophysiological studies showing sustained delay 

period activity in PFC neurons in non-human primates (e.g. Funahashi et al., 1989; 1993b; 

Wilson et al., 1993) and from neuropsychological studies demonstrating a robust link between 

lesions in the PFC and disruptions in WM task performance (e.g. Funahashi et al., 1993; Petrides 

& Milner, 1981). Converging evidence from recent electrophysiological studies involving non-

human primates and neuroimaging studies involving human subjects have demonstrated that, 

rather than being the major site of WM maintenance, the PFC contributes to the control WM 

through biasing activity in brain regions with which it has strong functional and anatomical 

connections, including visual association regions (Ungerleider et al., 1998) the premotor cortex 

(Petrides et al., 1993), and clusters throughout the temporal, occipital, and parietal cortices 

(Jonides et al., 2008; Miller & Cohen, 2001; Postle, 2006; Ranganath & D'Esposito, 2005). 

  Neuroanatomical work with non-human primates has demonstrated that the medial and 

lateral aspects of the PFC can be characterized by their strong reciprocal connections with 

different groups of brain regions. The lateral PFC has strong connections with multiple regions 

believed to be involved in WM processing, including regions within the sensory association 

cortices and the posterior parietal lobe (Pandya & Seltzer, 1982; Petrides & Pandya 1984; 1988; 

1999). In contrast, the medial PFC has strong connections with regions in the limbic system, 

including the amygdala (Barbas, 1988; Barbas & De Olmos, 1990; Carmichael & Price, 1995; 

1996). Because of these differences (see also, Cavada and Goldman-Rakic, 1989; Barbas, 2000; 

Xiao & Barbas, 2006; 2006b), the dorsolateral (dlPFC) and ventromedial (vmPFC) aspects of the 

PFC are often investigated for their roles in “executive” and “emotional” functions respectively. 

Research examining the neural basis of processing deficits in MDD has tended to follow this 

model, with some models of the disease postulating that MDD symptoms may be associated with 

an overall hyperactivity in the vmPFC and hypoactivity in the dlPFC. Such disruptions are 

believed to be related to the increased generation of negative affect and disruptions in executive 

control observed during the disease (review, Koenigs & Grafman, 2008; Murrough et al., 2011). 

  As noted in sections 1.1.1. and 1.2.3., many researchers have used a variant of the n-nack 

task (Braver et al., 1997 Owen et al., 2005) to examine WM disruptions in subjects with MDD 

(see also Diener et al., 2007; Fitzgerald et al., 2008). Studies using this task have often 

demonstrated disrupted patterns of activity in the lateral and medial PFC in subjects with MDD 

compared to controls (Barch et al., 2003; Garett et al., 2011; Harvey et al., 2005; Matsuo et al., 

2007; Rose et al., 2006; Walsh et al., 2007; Walter et al., 2007). However, possibly due to 

differences in study parameters including stimuli-type (e.g. letters versus human faces) or 

presentation times (e.g. 500ms versus several seconds) as well as subject characteristics between 

studies, the directionality of these disruptions has been largely heterogeneous.    

  Beyond studies using n-back tasks, a relatively small number of studies have investigated 

MDD-related disruptions in WM-related brain regions beyond the vmPFC and dlPFC. A 

paradigm allowing researchers to examine the neural correlates of WM load has recently been 

used in a series of studies designed to investigate MDD-related disruptions in WM-related brain 

regions (Wolf & Walter, 2005; Walter et al., 2007; 2007b; Vasic et al., 2009). When compared to 

matched controls, subjects with MDD have been found to exhibit increased activity in the 

dorsolateral PFC (alongside decreased response accuracy) compared to controls while 

completing a delayed match to sample task. In a follow-up study using the same paradigm, 

decreased functional connectivity has been observed between the dorsolateral PFC and regions in 

the parietal cortex in depressed subjects compared to healthy controls (Vasic et al., 2009).  
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 In parallel, a line of research with healthy subjects has shown that activity in the posterior 

parietal cortices, specifically the intraparietal sulci (IPS), is closely linked to capacity limitations 

in visual working memory (Leung et al., 2004; Linden et al., 2003; Todd & Marois, 2004). As 

discussed in section 1.1.1, such capacity limitations make it necessary that the contents of WM 

be updated efficiently. At the neural level, several regions have been studied for their role in WM 

control. The ventrolateral PFC, a region that has generally not been the focus of studies 

examining the neural basis of MDD symptoms, has been shown to be important for the selection 

and controlled retrieval of information within WM (Badre et al., 2005) and the resolution of 

(proactive) interference (Badre & Wagner, 2005; Nee et al., 2007; for review, Badre & Wagner, 

2007; Jonides & Nee, 2006). Similarly, the basal ganglia- a region that has been widely 

investigated for its role in instantiating MDD symptoms (Lacerda et al., 2003; Lorenzetti et al., 

2003), has also been shown to play an important role in allowing only relevant information 

access to working memory (Frank et al., 2001; McNab & Klingberg, 2007). Taken together, 

brain regions including the posterior parietal cortices, the VLPFC, and the basal ganglia do not 

just represent additional targets for examining MDD-related disruptions in WM, but are also 

indicative that MDD-related deficits in WM likely arise from dysfunction in a broader selection 

of WM-related brain regions than has been addressed is previous studies.  

  The analyses described in the remainder of this chapter were designed examine the effect 

of MDD on the (relatively) broad congregation of brain regions that support working memory 

processes including selection and maintenance. As previously noted, multiple studies have 

examined the neural basis of WM dysfunction in MDD. However, many of these studies (e.g. 

Barch et al., 2003; Garett et al., 2011; Harvey et al., 2005; Matsuo et al., 2007; Rose et al., 2006; 

Walsh et al., 2007; Walter et al., 2007) have used task paradigms that require the simultaneous 

use of multiple WM processes simultaneously. For example, though the n-back task has been 

used in many studies to investigate the neural basis of WM processing (see Owen et al., 2005), it 

requires subjects to select and maintain task relevant information simultaneously- making it 

difficult to disentangle activity to each individual process. In contrast, though the WM selection 

task used in the present study has both selection and maintenance components, they are present at 

discrete points during each trial. Using this task we were able to examine both selection and 

maintenance-related activity in MDD group subjects compared to healthy controls. In addition, 

we were able to perform some exploratory analyses examining how variables such as WM task 

performance and disease severity relate to dysfunctional activity related to both processes. 

 

3.2 Methods 
 

 Each of the analyses described in this chapter used behavioral and imaging data collected 

during the procedure described in chapter two (see sections 2.2.1-2.2.8). The same thirty subjects 

(15 unmedicated subjects with MDD, 15 matched controls) were included in each of the analyses 

described in this chapter as in the analyses described in chapter two. All behavioral measures of 

WM-task performance and MDD symptomatology were identical to those summarized in table 

2.01. As described in section 2.2.1, healthy control and MDD group subjects were matched in 

terms of age [t(28) < 1] and education [t(28) < 1], with no significant differences on operation 

span scores [t(28) = 1.32, p = 0.20], and valence ratings for study stimuli [t(28) = 1.32, p = 0.20]. 

Similarly, performance measures on the WM selection task, including overall response accuracy 

[t(28) = 1.61, p = 0.12], average reaction time [RT: t(28) < 1], and the behavioral benefits of 

selecting both face [t(28) < 1] and scene stimuli [t(28) = 1.63, p = 0.12] did not significantly 
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differ between groups. As expected, measures of symptom severity including IDS [t(28) = 

10.141, p < 0.0001] and RRS [t(28) = 7.58, p < 0.0001] were observed to be significantly 

different between groups, with the MDD group showing significantly higher scores on all such 

measures.  

 As in chapter two, all preprocessing and statistical analyses were conducted using SPM8 

(Wellcome department of Cognitive Neuroscience, London, UK; www.fil.ion.ucl.ac.uk/spm). 

Functional images were corrected for differences in slice timing, high resolution images were 

segmented into gray and white matter and co-registered to the mean functional image, images 

were normalized to the MNI gray matter template, and all functional images were smoothed with 

a 6mm FWHM Gaussian kernel. After preprocessing, image distortion errors caused by scanner 

spikes were repaired via interpolation from the nearest unaffected volumes using the ArtRepair 

toolbox (Mazaika et al., 2005). For more details regarding our general experimental procedure 

and imaging processing parameters, refer to sections 2.2.4-2.2.8. 

 All of the analyses discussed in the following sections drew upon data from the working 

memory selection task described in section 2.2.4. (see Figure 2.01b). Onset times for the 

presentation of the four task evens (stimuli onset, cue onset, post-cue delay, and probe onset) 

were defined in the same matter as described in section 2.2.8. A series of t-tests were conducted 

at the individual level to examine activity related to each task event, cue type, and probe-type for 

each subject individually. Brain activity related to WM maintenance and selection was examined 

for each individual subject, both by examining activity in selection trials (select-face + select-

scene) compared to non-selection trials and by examining activity related to each stimulus 

category (select-face versus select-scene) compared to non-selection trials. Individual contrast 

images were then included in second level group analyses. As in chapter two, clusters were first 

examined at a pre-specified threshold (p < 0.001, voxel extent: 6) before the institution of FDR 

correction. Clusters observed at this threshold were considered statistically significant only if 

they survived FDR correction at the cluster level (see Chumbly & Friston, 2008; Friston et al., 

1991; 1995; Genovese et al., 2002). 

 

3.2.1 Region of Interest Definition 

 To facilitate a comparison between (potential) MDD-related disruptions in the present 

study and WM-related activations observed in studies of healthy subjects, we used a series of 

ROIs drawn from previous studies of spatial working memory conducted by our laboratory (e.g. 

Leung et al., 2002; 2005) (see table 3.19 for coordinates). As in chapter two, all ROIs were 

extracted from each subject individually using the Marsbar toolbox for SPM (Brett et al., 2002; 

http://marsbar.courceforge.net). In line with previous studies, ROIs were constructed with a 

radius of 10mm. Average time-courses were constructed for each time point of the WM selection 

task for both groups. Using the first two scans as baseline, average signal change values were 

then calculated for the stimuli, cue, delay, and probe phases of trials of each cue condition 

(select-face, select-scene, and non-selection).  

 

3.2.2 Correlation Analysis 

 To explore how individual differences in working memory task performance and MDD 

symptomatology relate to disruptions in WM-related brain activity, a series of whole brain 

correlations were conducted to reveal clusters of activity that significantly correlated with 

response accuracy on the WM task, operation span scores, the behavioral benefit of selecting 

face and scene stimuli, and scores on questionnaires measuring MDD symptomatology. Because 
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scores on the working memory task, operation span task, and measures of the behavioral benefit 

of selection did not significantly differ between groups, whole brain correlations were conducted 

in two separate analyses; one in which all MDD and healthy control group subjects were pooled 

together and another in which subjects from the two groups were analyzed independently. 

Because group differences in scores on the IDS, RRS, and STAI were so large (see table 2.01), 

any whole brain correlations conducted with all subjects pooled together would likely result from 

group-level differences rather than differences between individual subjects within each group. 

For this reason, whole-brain correlations examining these variables were conducted only on the 

two groups separately.  

 

3.3 Results 
 

 Analysis of activity related to each WM task event demonstrated that the MDD group 

showed significant disruptions in regions related to the control of WM both prior to and 

following the onset of the selection cue. During the cue phase, within group comparisons 

revealed strikingly different groups of brain regions more active in selection trials than in non-

selection trials in the two groups. While control group subjects generally showed significant 

clusters in brain regions previously hypothesized to support WM processing, subjects in the 

MDD group showed significant selection-related activity mainly in medial temporal regions such 

as the cuneus. Analyses of a priori regions of interest lent convergent evidence for a widespread 

disruption in WM-related brain regions in MDD group subjects, with MDD group subjects 

showing significantly decreased activity in a large number of regions implicated in WM 

processing during the post-cue delay period. Finally, correlation analyses indicated that 

selection-related activity in the cuneus among MDD group subjects significantly related both to 

measures of behavioral performance (i.e. response accuracy and selection benefit) but also to 

measures of symptom severity (i.e. IDS score). 

 

3.3.1 Within- and Between-Group Activations Related to Each Working Memory Task Event 

 To examine similarities and differences in WM-related activity in control and MDD-

group subjects, we first examined activity during the four basic task events (stimuli presentation, 

cue presentation, post-cue delay period, and probe presentation) with all cue conditions pooled 

together. As shown in figure 3.01, healthy control and MDD group subjects showed largely 

overlapping patterns of activity during the stimuli, cue, and probe phases, though distinct 

patterns of activity were observed in within group analyses during each study event, most 

notably the post-cue delay period (Figure 3.01c).  

 During the stimuli phase, both groups showed large clusters of activity in the occipital, 

parietal, frontal, and temporal cortices as well as numerous subcortical areas (see figure 3.01). 

From visual inspection, large clusters in the middle and inferior frontal gyri were significant in 

the healthy control group, and not the MDD group, during this phase (Table 3.01a). In contrast, a 

large cluster in the somatosensory cortex was evident in the MDD group that was not supra-

threshold in the control group (Table 3.05).  

 During the cue, phase, both the MDD and control groups showed significant clusters in 

regions within the prefrontal cortex (Figure 3.01b). From visual inspection, clusters in the 

posterior parietal posterior lobe (specifically the left SPL) and the anterior cingulate were 

observed following FDR correction in the control group but not MDD group (Table 3.02). In 
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contrast, a large cluster was again shown to be significant in the somatosensory cortex in the 

MDD group only (Table 3.06).  

 The post-cue delay phase showed the most obvious difference between the healthy 

control and MDD groups when all study conditions were pooled together (see Figure 3.01c). 

During this delay period, multiple significant clusters were observed in the prefrontal and 

posterior parietal cortices for the healthy control group (Table 3.03). These regions have been 

observed in multiple previous studies using a similar design (see Lepsien et al., 2007; Oh & 

Leung, 2010). In contrast, the MDD group showed a relatively restricted pattern of activity 

during the delay period, mainly restricted to small clusters in the prefrontal cortex (Table 3.07).  

 Finally, during the probe phase, visual inspection revealed that the two groups again 

showed significant activity in multiple very large clusters encompassing regions throughout the 

brain (Tables 3.04, 3.08, Figure 3.01d) 

 Observations of differences in the patterns of activity evoked during the four task events 

in within groups analyses were supported by the results of between group comparisons. As 

shown in figure 3.02a, with all conditions pooled together, increased activity during the stimuli 

phase, in a cluster in the left ventrolateral prefrontal cortex (vlPFC) trended towards significance 

(p = 0.06) following FDR correction in the direct contrast of the healthy control group compared 

to the MDD group (table 3.09). A similar effect also trended towards significance during the 

post-cue delay phase (p=0.06, FDR corrected), as did a cluster in the left dorsolateral PFC 

(p=0.06, FDR corrected) (Figure 3.02a, Table 3.10). Notably, each of these clusters reached 

significance (p≤0.05) if multiple comparisons were corrected using a family-wise error (FWE) 

correction rather than a false discovery rate (FDR) correction. Even when examined at a lower 

statistical threshold (p<0.001, uncorrected), activity in these clusters did not appear to be 

significantly greater in the control group during the cue and probe phases. As shown in figure 

3.02b and table 3.11, with all cue conditions pooled together, the MDD group showed supra-

threshold (and significant following FDR correction) activity in a large cluster within the 

somatosensory cortex than the control group. Notably this cluster was localized near the cluster 

that trended towards significance during the post-cue delay period in the MDD group>healthy 

controls select-face>select-scene comparison mentioned in chapter two. Examination of contrast 

maps as a lower statistical threshold (p<0.001, FDR uncorrected) revealed no other region 

significantly more active in MDD group subjects in stimulus, delay, and probe phases. 

 

3.3.2 Non-Specific Activations during Selective Information Processing (Within-Groups) 

 As shown in figure 3.03, the MDD and control groups showed significantly different 

patterns of activity in conjunction analyses examining clusters showing activity during the cue 

and delay periods across all three conditions (Select-face, Select-scene, Non-selection. As 

demonstrated in figure 3.03a, with all subjects pooled together, significant clusters were 

observed in multiple frontal, parietal, and temporal lobe regions during the cue phase- including 

the anterior PFC, several regions within the lateral PFC, and the bilateral parahippocampal gyri 

(Table 3.12). During the delay phase, with all subjects pooled together, significant clusters were 

observed mainly within the prefrontal cortex (Table 3.13). Conjunction analyses conducted on 

the MDD and control group subjects separately revealed that the majority of clusters observed in 

the previous analyses were primarily driven by the healthy control group. During both the cue 

and delay phases, the healthy control group showed similar clusters than in analyses with all 

subjects pooled together (Figure 3.03b). In contrast, the MDD group showed severely restricted 

activations during both phases (Tables 3.14, 3.15). 
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3.3.3 Specific Activations during Selective Information Processing (Within-Groups) 

 Between-group comparisons of task events separated by cue condition revealed that 

group differences during the stimuli, cue, and delay phases of the WM task were driven by 

difference related to conditions of the selection demand imposed by the cue. Though between 

group analyses did not reveal any clusters significantly more active in either group during 

selection-related comparisons examining either selection in general (Select-Face + Select-Scene 

> Non-selection) or the selection of a specific stimulus category (Select-face > Non-selection, 

Select-scene > Non-selection), within-group analyses demonstrated that the two groups exhibited 

very different patterns of selection-related activity during the cue phase. 

 In within-group analyses examining overall selection-related activity during the cue 

phase (Select-face + Select-scene > Non-selection), the healthy control group showed significant 

activity in the left IPL, cerebellum, anterior cingulate, precentral gyrus, and caudate nucleus 

during the cue stage (Table 3.16). In contrast, in the same comparisons, the MDD group showed 

significant activity primarily in the cuneus and superior temporal gyrus (Table 3.17) (Figure 

3.04a).  

 In select-face versus non-selection comparisons, only the control group showed any 

significant clusters after FDR correction (Figure 3.04b). In select-face>non-selection contrasts, 

significant clusters were observed in the left IPL, precentral gyrus, and cerebellum during the cue 

phase (Table 3.18), Non-selection>select-face comparisons revealed significant clusters in the 

precuneus, left retrosplenial cortex, and the left parahippocampal gyrus for the control group 

only (Table 3.19). No significant clusters were observed in select-face versus non-selection 

comparisons during the delay or probe phases for either group. 

 In select-scene>non-selection contrasts, the control group showed significant clusters in a 

number of regions including the anterior and middle cingulate, left dorsolateral PFC, caudate, 

putamen, cerebellum, precuneus, and middle temporal lobe during the cue phase (Figure 3.04c, 

Table 3.20). By comparison, the MDD group showed significant clusters mainly in the cuneus, 

precuneus, cerebellum, and ventral STS (Table 3.21). In similar comparisons examining activity 

at the probe stage, the healthy control group showed significant clusters in the left and right 

transverse occipital sulcus, left and right parahippocampal gyrus, and left and right sulcus during 

the cue phase (Table 3.22), while the MDD group showed significant clusters in the left caudate, 

right transverse occipital sulcus, anterior PFC, the posterior parahippocampal gyrus, and the right 

and left retrosplenial cortex (Table 3.23). Only the control group showed any significant clusters 

in any non-selection>select-scene contrast, with a significant cluster observed in the superior 

temporal gyrus during the probe phase. 

 

3.3.4 Selection-Related Activity in A Priori Regions of Interest 

 To relate the MDD-related dysfunction in WM-related brain activity implied by the 

results discussed in the previous chapter (and sections 3.3.1-3.3.2 of this chapter), we extracted a 

number of regions of interest drawn from previous WM studies conducted in our laboratory. The 

first series of ROIs was drawn from studies investigating the neural basis of spatial working 

memory (Leung et al., 2002; 2005). A list of these ROIs and their coordinates is given in table 

3.28. 

 As expected given the results discussed in the preceding sections, the main effect of 

group was observed in multiple regions associated with working memory processing. During the 

stimuli phase, significantly greater activity was observed in the left SFS for the healthy control 
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group compared to the MDD group [f(1, 28) = 8.85, p< 0.01]. During the cue phase, significantly 

greater activity in the left SFS was again observed in the left SFS [f(1, 28) = 8.85, p< 0.01] for 

healthy controls compared to MDD group subjects. During the delay phase, the control group 

showed significantly increased activity in the left SFS [f(1, 28) = 5.31, p< 0.05], left IPS [f(1, 28) 

= 4.59, p< 0.05], and cerebellum [f(1, 28) = 6.45, p< 0.05] compared to the MDD group, with a 

similar pattern in trending towards significance in the left MFG [f(1, 28) = 3.96 p < 0.06]. 

Finally, during the probe phase, the control group showed significantly increased activity in a 

number of brain regions involved in WM including the left SFS [f(1, 28) = 11.25 p < 0.01], left 

[f(1, 28) = 15.21 p < 0.01] and right MFG [f(1, 28) = 5.41 p < 0.05], right premotor, [f(1, 28) = 

4.41 p < 0.05], right SMA [f(1, 28) = 14.75 p < 0.01], right ACC [f(1, 28) = 7.28 p < 0.05], left 

[f(1, 28) = 11.42 p < 0.05] right [f(1, 28) = 4.62 p < 0.05] IPS, left [f(1, 28) = 10.76 p < 0.01] and 

right [f(1, 28) = 7.76 p < 0.05] IPL, left SPL [f(1, 28) = 8.83 p < 0.01], left MOG [f(1, 28) = 6.18 

p < 0.05], basal ganglia [f(1, 28) = 9.51 p < 0.01], right thalamus [f(1, 28) = 12.53 p < 0.01], and 

cerebellum [t(28) = 6.29 p < 0.05]  

 Given the results discussed in sections 3.3.1 and 3.3.2., the main effect of cue type 

(selection versus non-selection) was, as expected, significant in multiple WM-related ROIs 

during both the cue and delay phases of the WM task. During the cue phase, increased activity 

during selection trials (Select-face and Select-scene) compared to non-selection trials was 

significant in the left MFG [f(2, 27) = 3.73 p < 0.05], right precuneus [f(2, 27) = 3.43 p < 0.05] 

and trended towards significance in the SMA [f(2, 27) = 3.04 p = 0.06]. During the post-cue 

delay period, a significant cue effect was observed in the right ACC [f(2, 27) = 4.41 p < 0.05], 

SMA [f(2, 27) = 6.43 p < 0.01], basal ganglia [f(2, 27) = 5.19 p < 0.01], left [f(2, 27) = 3.83 p < 

0.05] and right [f(2, 27) = 3.58 p < 0.05] IPS, the left SPL [f(2, 27) = 10.071 p < 0.0001], the 

cuneus [f(2, 27) = 4.40 p < 0.05], precuneus [f(2, 27) = 3.70 p < 0.05], and cerebellum [f(2, 27) = 

12.44 p < 0.001]. A group by cue-type interaction also trended towards significance in the left 

cuneus [f(2, 27) = 3.01 p = 0.06], which showed greater selection-related activity (both Select-

face and Select-scene) in MDD subjects than controls, and the SMA [f(1, 28) = 2.80 p < 0.09], 

which showed the opposite pattern. 

 

3.3.5 Correlation between Selection-Related Activity and Behavior 

 For healthy controls, overall response accuracy (Table 3.24) and OSPAN scores (Table 

3.25) positively correlated with activity in the left SPL, right parahippocampal gyrus, and left 

and right anterior cingulate during the cue phase in overall selection>non-selection 

comparisons(see Figure 3.05a). In the MDD group, activity in the cuneus positively correlated 

with both measures (Table 3.26, Table 3.27).  

In addition, scores on the IDS, RRS, and STAI (both the state and trait questionnaires) 

also significantly correlated with overlapping clusters in the cuneus for MDD, but not the healthy 

control, group subjects (3.06a). However, because these scores were significantly correlated with 

one another (Figure 3.06b), these results cannot be said to be independent. 

 

3.4 Chapter Discussion 
 

 The results of analyses outlined in this chapter supported both our hypothesis that major 

depressive disorder (MDD) would be associated with decreased activity in the congregation of 

brain regions that support working memory (WM) processing and our alternative hypothesis that 

MDD would be associated with increased activity in brain regions associated with cognitive 
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processing. Though MDD group subjects showed overall decreases in WM-related brain regions 

during multiple phases of our WM selection task, we observed significantly increased selection-

related activity in medial parietal and occipital regions (most notably the cuneus) in MDD group 

subjects compared to controls. Overall, these analyses lend further support to our previous 

finding that significant deficits in behavioral measures of WM do not necessarily indicate an 

absence of disruption in the distributed network of brain regions underlying WM selection and 

maintenance.  

 While previous studies examining MDD-related dysfunction in WM processing have 

focused on a limited number of brain regions, especially the ventromedial (vmPFC) and 

dorsolateral (dlPFC) prefrontal cortices (for review, Clark et al., 2009; Thomas & Elliot, 2009), 

the analyses outlined in this chapter indicate that the disease significantly disrupts activity in a 

number of brain regions involved in the control of information in WM. While healthy control 

subjects demonstrated selection-related activity in regions commonly associated with the control 

of WM, including the ventrolateral PFC (for review, Badre & Wagner, 2007) and the posterior 

parietal cortex (for review, Jonides et al., 2008; Miller & Cohen, 2001; Postle, 2006; Ranganath 

& D'Esposito, 2005), subjects in the MDD group primarily showed selection-related activity in 

the medial parietal and occipital lobes (most notably the cuneus). Because this altered pattern of 

selection-related activity was observed in the absence of behavioral deficits, it is somewhat 

unclear if this altered pattern represented a disruption caused by MDD, a compensatory 

engagement of other cognitive processes enabling subjects with MDD to perform at the same 

level as control subjects, or some combination of both. 

 

3.4.1 Working Memory Functioning in Individuals with MDD 

 The analyses discussed in this chapter point to dysfunction in multiple brain regions (and 

groups of brain regions) that have, as of this writing, not received significant attention for their 

role in instantiating the WM deficits observed in subjects with MDD. As previously noted, 

owing to its limited capacity, optimal WM performance relies on the efficient control of 

information through working memory (Hasher & Zacks, 1988; Hasher et al., 1999; Cowan, 

2010). Work in healthy subjects has indicated that such control is supported by activity in 

multiple brain regions, including the ventrolateral PFC (Badre & Wagner, 2007; Brass & von 

Cramon, 2002; Murray et al., 2000; Passingham, et al., 2000; Toni et al., 2001) and the basal 

ganglia (McNab & Klingberg, 2007). Our observation of attenuated vlPFC activity both prior to 

the onset of the selection cue and during the post-cue delay period in the MDD group indicates 

that the disease may be related to difficulties in the efficient control of information both before 

and after the presentation of selection cues.  

 Similar to the results discussed in chapter two, activity related to the selection of both 

faces and scenes was disrupted in the MDD group compared to controls, adding additional 

evidence to our earlier finding that the disease may significantly affect the processing of 

information more generally than implied by the results of studies examining difficulties related 

to the processing of just face stimuli. 

 

3.4.2 The Selection of Faces and Scenes in MDD 

 Similar to the results described in chapter two, the selection of both face and scene 

stimuli appeared to be disrupted in MDD group subjects compared to controls. Supporting the 

assertions outlined in section 2.4.3, the selection of face stimuli appeared to be particularly 

disrupted in MDD group subjects during the cue phase- with significant clusters in select-face > 
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non-selection and non-selection > select-face comparisons yielding significant clusters in the 

healthy control group only. However, because activity related to the selection of scene stimuli 

and selection overall (Select-face + Select-scene) were also disrupted in MDD group subjects 

compared to control, the analyses discussed in this chapter support our previous finding that 

MDD may be related to a disruption in information processing than indicated in previous studies 

investigating deficits specific to face processing.  

 The results of both our between and within groups analyses of control and MDD group 

subjects revealed that though the control group showed significant selection-related activity 

mainly in frontal and parietal regions, the MDD group mainly showed significant clusters in 

temporal/occipital regions, including the cuneus. Thus, while it appears that face stimuli may 

lead to a heightened level of disruption compared to other visual stimuli categories, such 

disruption is by no means unique to just faces. Indeed, evidence from our a priori ROI analysis 

revealed that MDD-related disruptions mostly manifested as an overall decrease in activity in 

WM-related brain regions, regardless of cue (or probe) condition. Because these disruptions were 

observed in the absence of any significant deficits observable at the behavioral level, these 

results suggest that MDD-group subjects (or at least those exhibiting comparable performance as 

controls) may be making use of a putative compensatory action in a different group of brain 

regions. 

 

3.4.3 Compensatory Action: A Role for Medial Parietal and Occipital Regions? 

 An increasingly large body of research has implicated a network of brain regions, 

including the IPS, SPL, and multiple clusters within the dorsal PFC in maintaining endogenous 

(or preparatory) signals based on current task goals or memories (e.g. Astafiev et al., 2003; 

Corbetta et al., 2000; Pessoa et al., 2002). In contrast, a related- though functionally and 

anatomically distinct- network, which includes the cuneus, has been implicated in the detection 

of behaviorally relevant stimuli in the current environment (e.g. Corbetta et al., 2000; Downer et 

al., 2000). Thus, while one network has been hypothesized to support “top-down” or goal driven 

attention- which drives preparatory behavior, the other is hypothesized to support stimulus-

driven or “bottom-up” attention- which drives more reactive behavior. With this in mind, the 

increased activity observed in the cuneus of MDD group subjects, especially those showing a 

high level of behavioral performance, during the cue phase of the WM selection task may 

represent a compensatory action- a reactive allocation of attention in response to the behaviorally 

relevant stimuli that is the WM-task cue. 

 This notion, that the increase in cuneus activity in MDD group subjects represents some 

form of compensatory activity, is supported by several studies indicating a link between 

cognitive deficits and structural changes in this region. Work with schizophrenic subjects has 

demonstrated a significant correlation between reductions in myelination in the cuneus (as 

measured by fractional anisotrophy) and impairments in processing speed (Palaniyappan et al., In 

Press). Though we can find no study that has directly examined the role of the cuneus in 

cognitive processing in subjects with MDD, work with subjects with bipolar disorder type 1 has 

indicated a positive correlation between gray matter volume in the cuneus and performance on an 

inhibitory control task (Haldane et al., 2008). Though these results are intriguing, it should be 

noted that the body of studies examining the link between the cuneus and psychopathology-

related cognitive deficits is quite small, with neither study specifically examining MDD. 

Therefore, until further research is conducted, the notion that activity in the cuneus may 

represent compensatory action must remain an intriguing possibility rather than a formal 
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hypothesis. The significant correlation between task performance and cuneus activity discussed 

in the next section could be interpreted as support, but maybe not. 

 

3.4.4 Correlations between cuneus activity, task performance, and disease severity 

 Further evidence that the increased selection-related activity in the cuneus of MDD group 

subjects represented a form of compensatory action comes from the results of correlation 

analyses investigating clusters of brain activity that correlate with measures of WM task 

performance and disease severity. While behavioral measurements of WM generally correlated 

with activations in prefrontal regions (i.e. regions typically associated with WM process) in 

control group subjects, similar correlations were generally only observed in the cuneus of MDD 

group subjects. The positive correlation between activity in this region and nearly all measures of 

MDD symptology indicates that compensatory activity in this region becomes more necessary as 

disease severity increases.  

 Because MDD-group subjects did not perform significantly worse than controls on the 

WM selection task, it appears that the compensatory activity in the cuneus is, at least in the 

context of our task and the generally mild disease severity exhibited by the MDD group subjects, 

possibly enough to make up for the concurrent decreases in frontal-parietal regions of interest. 

However, because there is only a small amount of research examining this region in this context, 

future research is necessary to address exactly what role the cuneus may be playing.  

 

3.4.5 Future Directions 

 Thought the present set of analyses provides some intriguing insights into how MDD 

affects selective information processing, future research is required to answer several questions 

left open by our use of complex visual stimuli and a task designed to explore only brain activity 

associated with “top-down” (and not “bottom-up”) cognitive processing. 

 Complex visual stimuli were used in the present study in order to examine MDD-related 

disruptions both in visual association regions associated that show selective responses to 

different categories of visual stimuli (namely faces and scenes) and in WM-related brain regions 

uncovered by a previous study in our lab (Oh & Leung, 2010). While the use of such stimuli 

enabled us to answer some questions regarding the uniqueness of MDD related deficits in face-

processing, the use of such complex stimuli has not enabled us to fully explore the group 

differences in attentional deployment inferred from the results described in this chapter.  

 In a study designed to explore common neural activity associated with the orientation of 

attention to internal and external stimuli held in working memory, Griffin and Nobre (2003) used 

a paradigm featuring cues presented both before and after the onset of study stimuli. Studies 

using this task have demonstrated both common and differential activity in the prefrontal and 

parietal cortices associated with stimulus and goal driven attention (for review, Gazzaley & 

Nobre, 2012; Lepsien & Nobre, 2006). A future study, using a similar paradigm, would enable us 

to disentangle whether MDD group subjects show an overall increase in brain activity associated 

with stimulus-driven attention, or if such increases represent compensatory action evident only 

during goal-driven behavior.  

 Because the selection of face stimuli appeared to be particularly disrupted in MDD group 

subjects, future studies are also necessarily to explore how other variables, including the social 

and emotional content of experimental stimuli affects activity in the WM and attention related 

brain regions investigated in this chapter. Also, owing again to our focus on top-down cognitive 

processing, we were unable to investigate how study parameters have affected our results. To 
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investigate the time-course of WM related dysfunction and potentially bottom-up attentional 

compensation, future studies, using variable presentation times, will be necessary. Because the 

task used in the present study was relatively easy, we were unable to test the limits of the 

possible compensatory action observed in the cuneus. Future studies, in which subjects are 

presented with more difficult selection cues or asked to remember a greater number of stimuli, 

are necessarily to determine trajectory of compensatory activations as task difficulty increases. 

 Finally, as discussed in the general introduction, MDD is associated with a large number 

of significant structural changes to the brain. Because of the close link between the BOLD signal 

and brain morphology (see Logothetis & Wendell, 2004), MDD-related changes in the volume, 

cellular make-up, and neurochemistry of the brain can complicate the interpretation of functional 

imaging studies. Overcoming this complication will require future studies to utilize one of two 

strategies. First, future studies should employ new programs and methods to detect and 

overcome difficulties such as changed hemodynamic response or altered signal to noise ratio 

caused by MDD-related differences in brain morphology. Similar to how ArtRepair was applied 

in the present study to examine and overcome problems related to subject motion; the body of 

research dealing with the neural basis of cognition in the aging brain has already begun to tools 

that can be applied for this purpose (see Samanez-Larkin & D'Esposito, 2008). Second, future 

studies should take advantage of any opportunity to collect structural alongside functional data. 

Though it could not be completed in time for this manuscript, the structural images collected as 

part of the present study could be applied to voxel-based morphology (VBM). Similarly, arterial 

spin labeling (ASL) data was collected for several subjects. When possible, structural data should 

be presented alongside functional in order to disentangle how MDD-related changes in brain 

morphology may inform the results of functional imaging studies.  

 

 

 

 

 

 

 

 

 

 

 

 



 

42 

 

Chapter 4 

General Discussion: Symptom and neuroscience-based definitions of major depressive 

disorder 
 

4.1 General Discussion 
 

 The analyses described in this manuscript were designed to address two of the major 

open questions regarding information processing in MDD. The analyses described in chapter two 

were designed to examine how MDD affects selective information processing in extrastriatal 

brain regions that selectively respond to face and scene stimuli. Owing to their social and 

emotional content, many researchers have posited that the processing of faces is uniquely 

disrupted in MDD (Stuhrmann et al., 2011). For this reason, we hypothesized that MDD would 

selectively disrupt activity in face-processing regions including the fusiform and occipital faces 

areas. Contrary to these hypotheses, MDD-related disruptions were primarily observed in regions 

commonly associated with the selective processing of scenes- namely the parahippocampal gyrus 

and retrosplenial cortex. These results not only indicate that face-processing deficits in MDD are 

not necessarily unique, and that MDD affects processing in regions beyond just the PFC and 

amygdala, but also that MDD may relate to disrupted activity in a posterior medial system that 

has been associated with memory retrieval and contextual processing (Squire et al., 2004; 

Ranganath & Ritchey, 2012). Extending these findings, the analyses described in chapter three 

demonstrated that MDD significantly affects activation in the network of brain regions 

supporting working memory selection and maintenance. While previous studies have implicated 

PFC hyperactivity in subjects with MDD completing working memory tasks at the same level as 

matched controls (Matsuo et al., 2010), our exploratory whole brain analyses indicated these 

analyses demonstrated that MDD is associated with decreased activity in brain regions associated 

with “top-down” cognitive control with a corresponding, potentially compensatory, increase in 

regions supporting “bottom-up” attention. Together these analyses demonstrate that MDD affects 

processing in brain regions beyond those identified in studies that have often focused on a small 

number of regions including the prefrontal cortex and amygdala. 

 The constellation of symptoms currently defined as major depressive disorder is 

associated with disruptions in the brain at every available level of analysis; including alterations 

evident at the cellular level in post-mortem tissue, significant differences in the volume of 

individual brain regions, significantly altered patterns in task-based BOLD activity, and 

differences in functional connectivity between brain regions. That information processing should 

be affected given such widespread changes is hardly surprising. Perhaps more surprising is that, 

despite these changes, subjects with MDD are often able to complete laboratory tasks on a level 

not significantly different than healthy controls. 

 Research examining the aging brain may shed some light on what the results of this and 

other studies demonstrating disruptions in the WM-related brain regions in the absence of 

significant behavioral deficits. Similar to what was observed in MDD-group subjects in the 

present study, aged subjects generally demonstrate decreased activity in brain regions supporting 

high-order cognitive processes as well as a dampening of activity in brain regions that selectively 

respond under different task conditions (for review, Bishop et al., 2010; Park & Reuter-Lorenz, 

2009). Also similar to was observed in MDD-group subjects in the present study, potentially 

compensatory brain activity has often been observed in studies in which aged subjects perform 

on the same level as younger controls (e.g. Cabeza et al., 1997; 2002; Grady et al., 1999). While 
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there are very likely significant differences between disrupted activity caused by MDD and 

altered activity observed during normal aging, research examining age-related alterations in brain 

activity and the trajectory of potentially compensatory activity in aged subjects may support the 

results of the present study and indicate the direction of future research. 

 In studies of aged subjects, the presence of compensatory activity in the prefrontal cortex 

has been linked to disrupted activity in the parahippocampal gyri (Gutchess et al., 2005; Johnson 

et al., 2004; Park et al., 2004)- the same region shown to be disrupted in the present study in 

MDD-group subjects. In a study by Cabeza et al. (2004), decreased hippocampal and 

parahippocampal activity was observed across a range of attention, working memory, and long-

term memory tasks, implying that this disruption in relatively global. Most relevant to the 

analyses discussed in chapter two of this thesis, aged subjects have shown markedly less 

selectivity in the fusiform face area (FFA) and parahippocampal place area (PPA) compared to 

controls (Park et al., 2004; Payer et al., 2006)- also similar to what was observed in MDD group 

subjects in the present study.  

 Compensatory activity, in terms of increasing recruitment of bilateral clusters within the 

PFC, has been observed in young adults as task complexity increases (Banich, 1998) and when 

young adults are deprived of sleep (Drummand et al., 2004), indicating that compensatory 

activity observed in aged (and potentially MDD group) subjects may be an extended version of a 

transient state that occurs in healthy subjects when task demands are high. In presence of 

compensatory activity has been correlated with increasing shrinkage of hippocampal regions of 

aged subjects (Persson et al., 2006), which indicates that MDD-related deficits may be due to 

disruptions in these and other regions as well. Though regions such as the PFC and amygdala are 

logical targets for studies investigated MDD-related cognitive deficits, the complexity of disease 

symptoms, the association of the disease with widespread dysfunction in a multitude of brain 

regions affecting many mental and physical processes, and the presence of putative 

compensatory action in, at least some, subjects with MDD indicates that the study of the neural 

basis of MDD requires a much broader study of the relationship between MDD-related 

disruptions in brain activity and symptoms and deficits observed at the behavioral level. 

  

4.2 Future directions: Defining Major Depression 
 

 As of this writing, two major developments are underway that may significantly alter 

how mental disorders such as MDD are studied in the laboratory. First, the BRAIN (Brain 

Research through Advancing Innovative Neurotechnologies) Initiative, recently unveiled by the 

National Institutes of Health, has been established to help researchers to develop new tools for 

examining and treating brain-based disorders and form a dynamic picture of information 

processing in the brain at every level of analysis (The White House, 2013). Though still in its 

earliest phases, the BRAIN initiative includes ambitious plans to completely map the human 

brain using techniques drawn from neuroscience, brain imaging, engineering, and bioinformatics 

(Alvisatos et al., 2012; 2013). A project of this scale has implications not just for the study of 

MDD through (potentially) allowing researchers to investigate MDD-related disruptions in brain 

activity beyond discrete regions of interest including the prefrontal cortex and amygdala, but also 

for tremendously advancing research into how activity in the brain relates to behavior under 

normal conditions. Second, the National Institute of Mental Health (NIMH) has recently 

announced a long-term plan to develop new diagnostic criteria and treatments for mental 

disorders based on genetic, physiological, and cognitive data rather than behavioral symptoms 
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alone (Insel, 2013). In NIMH's new framework, called Research Domain Criteria (RDoC), 

mental disorders such as MDD will be defined not just by clusters of symptoms, but also by 

biomarkers drawn from empirical studies. 

 In many ways, both developments are in line with the goals of the present study. Existing 

gaps in the literature describing MDD-related cognitive deficits, at least in part, appear to be due 

to an understandable focus on the most obviously debilitating symptoms of the disease as defined 

by the Diagnostic and Statistical Manual of Mental Disorders (DSM-IV) (see commentary by 

Holtzheimer & Mayberg, 2011). However, the focus on disruptions related to relatively narrow 

aspects of cognition (i.e. the processing of emotional faces) and a limited number of 

corresponding brain regions (i.e. the prefrontal cortex and amygdala) has precluded the 

examination of broader cognitive deficits and disrupted activity in loci with less obvious ties to 

the major diagnostic criteria for MDD. While the present study demonstrates that MDD is 

associated with disrupted activity in multiple brain regions that have not been the central target 

of previous research, it should not be interpreted as evidence that future research should focus 

completely on biological markers of the disease. 

 Currently, aside from studies examining face-processing deficits, only a relatively small 

number of studies have examined neural and behavioral disruptions associated with the 

individual symptoms of MDD. Even in the body of studies discussed in this manuscript 

concerning disruptions in cognition, many studies appear have examined overall disruptions in 

cognition rather than disruptions related to specific cognitive processes. The results of the 

present study- demonstrating that MDD significantly affects activity in regions associated with 

selective information processing and stimulus-driven attention control- indicate that the disease 

affects a broad swath of neural activity and cognitive processes. However, far more additional 

research is required before diagnostic criteria for MDD can be derived on reliable biomarkers. 

For example, though there is some evidence that MDD significantly affects visual processing at 

levels even lower than observed in the present study (e.g. Desseilles et al., 2009; 2011), such 

disruptions have yet to be thoroughly investigated. In addition, MDD-related deficits in the 

processing of information outside the visual modality, or of information that does not necessarily 

have strong emotional content, have been the target a relatively small amount of empirical 

research (see Takei et al., 2009; Walter et al., 2007). Beyond further research into disruptions 

during the acute phase of the disease, transitioning to biomarker-based diagnostic criteria would 

also require a much larger body of research examining disruptions in subjects with remitted 

MDD and subjects at risk for depression. While several lines of research have begun to identify 

neural and behavioral deficits in subjects at risk for the disease (e.g. Kujawa et al., 2011; Mannie 

et al., 2008) and in remitted subjects (e.g. Kerestes et al., 2011; Paelecke-Habermann et al., 

2005), there are at present no reliable biomarkers for MDD prior to, during, or following a 

depressive episode (Hammar & Ardal, 2009). 

 Given the relatively narrow focus and general heterogeneity of results in the current body 

of research, the major gaps that need to be addressed via empirical study, and the lack of any 

reliable biomarker for MDD, any transition to biology-informed diagnostic criteria would be 

premature. Though, conditions like ischemic heart disease, lymphoma, and acquired 

immunodeficiency syndrome (AIDS) can be detected by relatively objective laboratory 

measures, rather than clusters of clinical symptoms (Insel, 2013), the same cannot yet be said for 

the majority of disorders currently defined by the DSM.  

 While using the DSM (or really, any other standardized criteria) to define a mental 

disorder can be problematic, owing to the supreme difficulty in categorizing concepts as 
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amorphous as mental disorders (see commentary by Frances & Widiger, 2012), DSM-based 

definitions have the advantage of being easily operationalized in a manner that allows for 

researchers to group similar afflicted patients and gather empirical data. However, while DSM 

criteria provide reliable operational definitions, their validity is limited by a lack of etiological 

and psychophysiological information (Hyman, 2007). Furthermore, likely because of the paucity 

of other available definitions, DSM criteria are often reified. Criteria designed to act as 

(generally) reliable heuristics in communication about, and study of, mental disorders are instead 

interpreted as encompassing natural entities- existing independently of rating criteria or 

theoretical constructs (Kendell & Jablensky, 2003; Hyman, 2010). Because of this, while DSM 

criteria have, perhaps by necessity, been used to operationalize mental disorders for research 

purposes- as they were in the present study- the reification of DSM criteria has likely also limited 

the scope of experimental research. 

 Limitations in current neuroscientific accounts of mental disorders along with difficulties 

inherent in using DSM definitions have resulted in the epistemological stalemate that underlies 

the current knowledge gaps in research examining the neural basis of MDD-related cognitive 

deficits. Adherence to studying major DSM criteria for the disease, including depressed mood 

and feelings of guilt and worry, has resulted in a relatively large number of studies examining the 

neural basis emotion-regulation and rumination. This, in turn, has led to a focus on brain regions 

believed to be heavily involved in these processes, especially the amygdala and prefrontal cortex. 

This has left MDD-related deficits in specific cognitive processes- especially as reflected by 

disruptions within the broad network of brain regions supporting working memory- relatively 

unclear until the present study. In turn, though the present study provides some intriguing insight 

into how MDD affects selective information processing in MDD, such findings are not, on their 

own, to jettison DSM-based definitions. Much additional research is required to further delineate 

the breadth and depth of the disruptions described in the two sets of analysis described in this 

manuscript and even more research would be required to determine if such disruptions are 

unique enough to MDD to ask as reliable biomarkers.  

 Rather than relying strictly on neuroscience or DSM-based criteria, the progress of 

research into the neural basis of mental disorders (not just MDD, but especially for disorders as 

heterogeneous as MDD) requires a gradual evolution of both. Current brain-based models of 

disorders like MDD are insufficient to replace symptom-based criteria like those used in the 

DSM. However, DSM criteria should also not limit the scope of research into the neuroscientific 

basis of mental disorders. Instead, the two perspectives should inform each other. Definitions of 

mental disorders should be informed by neuroscience research and, at least until valid and 

reliable biomarkers can be found- symptom-based based definitions should inform, but not 

restrict, research examining the neural basis of mental disorders.  
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Hypothesized disruptions in MDD group subjects compared to healthy controls.  In line with previous 
research, healthy subjects (A.) were expected to demonstrate greater response to face stimuli than to scenes 
in face-selective regions including the fusiform (FFA) and occipital (OFA) face areas. Disrupted activity in 
MDD subjects was hypothesized to take the form of (B.) decreased amplitude in these regions, (C.) 
decreased specificity for face stimuli in these regions, or both.  The results of analyses investigating these 
hypotheses are shown in figures 2.03 and 2.05. 



Diagrammatic representations of the functional localizer and WM selection task. 

(A.) The localizer task included twelve blocks (16s in duration) in which subjects were asked to complete a 
1-back task. Four blocks included face stimuli, four blocks included scene stimuli, and four blocks included 
object stimuli. Eight stimuli of each category were presented for 1200ms within each block (800ms ISI). No 
stimuli used in this task were repeated in the WM selection task or any of the post-scanning behavioral tasks. 
Each block was preceded and followed by fixation blocks (also 16s in duration). 

(B.) Subjects completed six runs of the WM task, each consisting of 12 trials, while in the scanner.  Each run 
contained an equal number of select-face, select-scene, and non-selection trials as well as an equal number 
of match and non-match probes. Trial order for the three cue conditions and two probe types were 
counterbalanced between and within runs. 
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Figure 2.02

Similar patterns of activity were observed in face and scene selective brain regions for the healthy control 
and MDD group subjects during the functional localizer task insofar as regions in both groups showed the 
expected specificity in response for their preferred visual category.

(A.) Group contrast maps showing similar face-selective and scene-selective regions brain regions in healthy 
control and MDD group subjects. Contrast images were drawn from comparisons of activity during face and 
scene blocks. Following FDR correction, clusters in the left and right STS reached statistical significance in 
within group contrasts for the control group only. 

(B.) Maps showing the distribution of face and scene network ROIs for control and MDD group subjects. 
ROIs were defined based on peak coordinates derived from comparisons of face and scene block activity for 
each subject individually. When a subject did not show a cluster for the given ROI in face versus scene 
comparisons, ROIs were drawn at average coordinates from other subjects (see table 2.07). ROIs are 
represented by their representative size (radius 5mm). Though the location of ROIs generally did not 
significantly differ between groups, peak coordinates (and therefore the position of ROIs) were significantly 
more ventral of the parahippocampal place areas for MDD group subjects. 

Face > Scene Scene > Facep < 0.001
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Figure 2.03a: Face selective ROIs
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Figure 2.03b: Scene selective ROIs
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Figure 2.04

Group maps examining scene selective regions during the four study events (stimuli, cue, delay, and 
probe) demonstrated that the healthy control and MDD groups showed largely overlapping patterns of 
activity in the bilateral PPA and TOS during the  cue and probe phases. During the post-cue delay 
period, scene-selective clusters were observed in the left and right PPA in the healthy control group only. 

Corresponding comparisons examining face selective regions (Select-face > Select-scene) yielded no 
significant clusters during any of the four study events for either group.

B. MDD GroupA. Healthy Control Group
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T = 3.78, p < 0.001
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Figure 2.05b: Scene selective ROIs
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Figure 2.06: The Amygdala 
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Figure 2.07

(A.) Graphical representation of average signal change in the left and right PPA during the functional 
localizer task for MDD and healthy control group subjects. In the left PPA, the MDD group showed 
significantly greater activity during face blocks than the control group. In the right PPA, increased face block 
activity trended towards significance.

(B.) Representation of the correction applied to percent signal change data in order to prevent inflation of 
selectivity indices by negative signal change values. Without correction, the selectivity index value for the 
example data series is greater than 3, a value clearly inflated for a scale that should be between -1 
(completely selective for the non-preferred stimulus category) and 1 (completely selective for the preferred 
stimulus category). By comparison, the selectivity index in the corrected data series is approximately 0.79. 

(C.) Graphical representation of selectivity index values for all face and scene network ROIs during the 
localizer task.  As expected given observations of greater activity in these regions during face blocks for 
MDD group subjects compared to controls, significant group differences in selectivity index were observed 
in the left and right PPA and left RSC.

B. Demonstration of the adjustment to signal change data prior to calculation of selectivity index 
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C. Selectivity indices for face and scene network ROIs: Functional localizer task

A. Specificity of the left and right PPA in healthy control and MDD group subjects: 
Functional localizer task
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Averaged time series showing change in selectivity index in the PPA and FFA during the working memory 
selection task demonstrated that specificity for scene stimuli in the left and right PPA increased during the 
post-cue delay period for both groups and peaked after  the onset of the probe stimuli (A.). Fitting with data 
extracted within group comparisons of activity in select-face versus select-scene trials, as well as from 
observations of averaged time course plots (figure 2.05), selectivity was very low for both groups in regions 
in the face network (B.).

Figure 2.08

Time course of selectivity index values in the PPA and FFA 
during the WM selection task

Healthy Control Group
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Selectivity indices for all regions of interest during the (A.) cue, (B.) delay, and (C.) probe phases of the 
working memory selection task.  

MDD-related decreases in selectivity were significant only in the left RSC during the probe phase, with a 
similar decrease in this region trending towards significance during the delay period.

Though the MDD group also showed decreased selectivity in face and scene selective regions including the 
right FFA, left and right OFA, left PPA, and right RSC during the post-cue delay phase and right RSC 
during the probe phase, between group differences in these regions did not reach significance using two-
tailed tests.

Healthy Control Group

MDD Group

A. Cue Phase

B. Delay Phase

C. Probe Phase

Region of Interest

Figure 2.09

Selectivity index values for the face and scene network ROIs:
WM selection task
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Figure 2.10

Scatter plots showing correlations between selectivity index values for face network ROIs during the probe 
phase of the WM selection task and the behavioral benefit of selecting face stimuli.  Positive correlations 
were statistically significant in the left FFA, left OFA, and right OFA.  Scatter plots show points for the 
MDD group only, similar correlations were not significant in healthy control group subjects.

A. Correlations between face network selectivity and the behavioral benefit of selecting face stimuli          

(Probe stage)

Left
Right

Fusiform Face Area (FFA)

**

Occipital Face Area (OFA)

F
ac

e 
S

el
ec

ti
o
n
 B

en
ef

it
 (

m
s)

Superior Temporal Sulcus (STS)

Selectivity Index Selectivity Index

** p < 0.01
*   p < 0.05

R² = 0.6335

-150

-75

0

75

150

225

300

-0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8

R² = 0.1281

-150

-75

0

75

150

225

300

-0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8

R² = 0.4071

-150

-75

0

75

150

225

300

-0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8

*** R² = 0.4723

-150

-75

0

75

150

225

300

-0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8

R² = 0.0975

-150

-75

0

75

150

225

300

-0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8

R² = 0.0524

-150

-75

0

75

150

225

300

-0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8



Figure 2.10
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Scatter plots showing correlations between selectivity index values for scene network ROIs during the probe 
phase of the WM selection task and the behavioral benefit of selecting scene stimuli.  A positive correlation 
was statistically significant in the left PPA only.  Scatter plots show points for the MDD group only, similar 
correlations were not significant in healthy control group subjects.

B. Correlations between scene network selectivity and the behavioral benefit of selecting scene stimuli        
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Figure 2.10
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Scatter plots showing correlations between selectivity index values for face and scene network ROIs during 
the delay phase of the WM selection task and IDS score  A negative correlation was statistically significant 
in the left PPA and left RSC.  Scatter plots show points for the MDD group only, similar correlations were 
not significant in healthy control group subjects.

C. Correlations between selectivity index and IDS score (Delay stage)
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Figure 3.01
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Within group contrasts of activity during four task events 
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Contrast maps showing the results of group comparisons with all cue conditions pooled 
together.

(A.). Contrast map showing regions more active in the control group compared to MDD 
group during the four study phases. Following family wise error (FWE) correction, 
significant clusters were observed in the left ventrolateral PFC/insula.

(B.) Contrast map showing regions more active in the MDD group compared to controls 
during the cue phase of the working memory task with all task conditions pooled. Following 
FDR correction instituted at the cluster level, significant clusters were observed in the left 
and right somatosensory cortex. 

T= 3.41, p <0.05

A. Results of control > MDD group comparisons of activity at the four study events

B. Results of MDD > control group comparisons of activity during the cue phase
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Figure 3.02



A. Suprathreshold activations across all cue conditions (All subjects)

B. Suprathreshold activations across all cue conditions (MDD and control groups)
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Figure 3.03

T = 11.6, p < 0.001 

z:

Results of conjunction analysis showing activity across all three cue conditions

Two dimensional contrast maps showing regions active across all three cue conditions 
(select-face, select-scene, non-selection) during the cue and delay period. 

(A.) Results of a conjunction analysis with all subjects pooled together. Significant clusters 
were observed in multiple frontal, parietal, and temporal lobe regions during the cue phase-
including the anterior PFC, several regions within the lateral PFC, and the bilateral 
parahippocampal gyri. During the delay phase, with all subjects pooled together, significant 
clusters were observed mainly within the prefrontal cortex.

(B.) Results of conjunction analyses of healthy control and MDD group subjects separately. 
These analyses demonstrated the activity observed with all subjects pooled together were 
primarily driven by the control group. In comparison, the MDD group showed restricted 
activations during both phases.



A. Selection > NonSelection

B. Select-Face > NonSelection

C. Select-Scene > NonSelection
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T = 3.78, p < 0.05 (FDR Corrected at cluster level)

Figure 3.04

z:

Group contrast maps showing selection-related activity during the cue stage

(A.) With both selection conditions pooled together (Select-face + Select+Scene), The 
healthy control group showed significant activity in the left IPL, cerebellum, anterior 
cingulate, precentral gyrus, and caudate nucleus during the cue stage. In contrast, the MDD 
group showed significant activity primarily in the cuneus and superior temporal gyrus

(B.) In select-face versus non-selection comparisons, only the control group showed any 
significant clusters after FDR correction. In select-face>non-selection contrasts, significant 
clusters were observed in the left IPL, precentral gyrus, and cerebellum.

(C.) In select-scene versus non-selection comparisons, the control group showed significant 
clusters in a number of regions including the anterior and middle cingulate, left dorsolateral 
PFC, caudate, putamen, cerebellum, precuneus, and middle temporal lobe during the cue 
phase. By comparison, the MDD group showed significant clusters mainly in the cuneus, 
precuneus, cerebellum, and ventral STS.
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Figure 3.05

-21 9 19 29 39z: 49

T= 3.85, p < 0.05 (FDR corrected at cluster level)
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B. Clusters positively correlated with face selection benefit (Select-Face>Non-selection)

C. Clusters positively correlated with scene selection benefit (Select-Scene>Non-selection)

A. Clusters positively correlated with response accuracy (Selection>Non-Selection)

Group contrast maps showing clusters significantly correlated with measures of 
task performance during selection > non-selection comparisons

In healthy control subjects, overall response accuracy (Table 3.24) and other measures of 

behavioral performance positively correlated with activity in the left SPL, right parahippocampal

gyrus, and left and right anterior cingulate during the cue phase in overall selection>non-selection. 

In the MDD group, similar correlations were significant only in the cuneus.
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T= 3.85, p < 0.001

Figure 3.06

IDS RRS STAI-Trait STAI-State

IDS 1** 0.626* 0.191 0.287

RRS 0.626* 1** 0.492+ 0.296

STAI-
Trait

0.347 0.492+ 1** 0.730**

STAI-
State

0.287 0.296 0.730** 1**

IDS RRS

STAI-StateSTAI-Trait

9 19 29

A. Clusters positively correlated with measures of MDD symptoms severity

B. Correlation matrix showing the correlation coefficients (r) between questionnaire scores 

+   p < 0.1 (trending)
*   p < 0.05
** p < 0.01

Group contrast maps showing clusters significantly correlated with measures of 
disease severity during selection > non-selection comparisons

Similar to measures of behavioral performance, scores on the IDS, RRS, and STAI (both the state and trait 

questionnaires) significantly correlated with overlapping clusters in the cuneus for MDD, but not the 

healthy control, group subjects (A.). Because such scores were significantly correlated with one another 

(B.) these results cannot be said to be independent.



Table 2.01 
Demographic Statistics

Healthy Controls MDD Group

n (female) 15 (9) 15 (9)

Age 21.00 (3.34) 21.87 (3.02)

Education 2.86 (1.68) 3.2 (1.93)

Ethnicity
4 Asian, 
2 Hispanic,
9 Caucasian

6 Asian, 
2 Hispanic,
7 Caucasian

OSPAN 42.67 (13.84) 33.67 (19.50)

IDS 4.27 (3.84) 38.2 (12.38)***

RRS 34.53 (8.45) 63.20 (11.97)***

STAI (Trait) 32.13 (8.46) 58.6 (10.43)***

STAI (State-Pre) 35.13 (12.42) 49.87 (10.00)***

STAI (State-Post) 38.67 (10.03) 46.47 (9.03)*

Localizer ACC 83.68% (12.79%) 80.98% (13.40%)

Localizer RT 560.63ms (75.15ms) 576.52ms (49.78ms)

WM Task ACC 88.22% (7.61%) 83.81% (7.37%)

WM Task RT 1080.15ms (251.37ms) 1044.87ms (249.58ms)

Face Selection Benefit 114.27ms (101.09ms) 85.60ms (101.30ms)

Scene Selection Benefit 125.72ms (113.08ms) 64.29ms (93.02ms)

Post Memory             
(Overall Score)

52.46% (6.86%) 52.82% (8.22%)

Valence Rating (Overall) 0.72 (0.93) 0.27 (0.93)

*** Significant at p < 0.0001
*     Significant at p < 0.05 

Post Memory                
(New Faces)

53.11% (17.09.66%) 48.81% (23.41%)

Post Memory                
(New Scenes)

60.08% (16.55%) 59.76% (22.81%)



Table 2.02
Face Selective Regions from Localizer Task (Control Group)

Name Coordinates Cluster Extent T Z

*  Right FFA 45 -52 -20 66 7.12 4.56

45 -43 -17 5.77 4.06

* Right STS 45 -46  13 90 6.63 4.39

60 -58   7 5.12 3.78

51 -55  22 4.64 3.55

* Right Amy 30  -1 -17 61 5.99 4.15

* Left Amy -33  -7 -20 38 5.80 4.07

-21  -4 -14 4.73 3.60

* Right OFA 42 -79 -14 25 5.52 3.96

* Cuneus 3 -88  16 57 5.33 3.87

3 -76  10 5.03 3.74

Precuneus 6 -61  28 18 5.27 3.85

Cerebellum -15 -46 -32 6 5.26 3.84

Left OFA -42 -82  -8 10 4.68 3.57

Left STS -48 -64  16 9 4.61 3.54

Insula 27  35   7 6 4.56 3.51

-48 -43 -11 4.17 3.30

* Significant at p < 0.05 following FDR correction at cluster level.



Table 2.03
Face Selective Brain Regions from Localizer Task (MDD Group)

Name Coordinates Cluster Extent T Z

* Right Amygdala 21  -7 -17 26 7.41 4.65

* Right OFA 39 -79 -17 24 7.22 4.59

Right FFA 42 -49 -20 16 6.75 4.43

* Left Amygdala -21  -4 -17 37 6.69 4.41

* Significant at p < 0.05 following FDR correction at cluster level.



Table 2.04
Scene Selective Brain Regions from Localizer Task (Control Group)

Name Coordinates Cluster Extent T Z

* Left PPA -27 -46 -11 300 15.10 6.23

-27 -61 -11 10.73 5.50

* Right TOS 36 -88  19 352 12.02 5.75

33 -82  13 11.84 5.71

30 -73  31 5.97 4.14

* Left TOS -33 -82  25 347 10.29 5.40

-30 -85  13 10.29 5.40

-27 -88  31 7.48 4.67

* Right PPA 30 -43  -5 296 8.54 4.98

30 -28 -17 7.85 4.79

24 -55 -11 7.31 4.62

* Right RSC 15 -52  13 81 7.63 4.72

* Left RSC -15 -55  10 48 6.63 4.39

Left SPL -21 -67  46 10 5.24 3.83

* Significant at p < 0.05 following FDR correction at cluster level.



Table 2.05
Scene Selective Brain Regions from Localizer Task (MDD Group)

Name Coordinates Cluster Extent T Z

* Right PPA 30 -46 -11 281 10.52 5.45

27 -61 -11 6.89 4.48

* Left PPA -21 -46 -14 355 9.24 5.16

-30 -49  -5 8.55 4.98

-30 -40 -17 7.96 4.82

* Left TOS -36 -85  13 297 9.07 5.12

-42 -82  19 8.86 5.06

-27 -85  10 7.78 4.76

* Right TOS/SPL 42 -85  16 516 6.59 4.38

18 -52  16 6.52 4.35

39 -76  19 6.47 4.33

* Left RSC -15 -55  13 57 6.23 4.24

* Left DMPFC -9  26  43 9 5.59 3.99

* Right SPL -15 -79  46 68 5.07 3.76

-21 -64  46 5.07 3.76

-24 -67  34 4.14 3.29

* Significant at p < 0.05 following FDR correction at cluster level.



roi Coordinates Cluster Extent T Z

*
Left superior 
frontal gyrus

-27   5  37 97 5.52 4.50

-39  -4  37 4.69 3.99

-48  -1  46 4.41 3.81

Cingulate 18   5  40 10 5.03 4.21

Left SPL -30 -46  55 28 4.89 4.13

Left PHG -30 -55   4 7 4.27 3.71

Precuneus -18 -61  58 19 4.16 3.64

-24 -58  49 3.76 3.36

Precuneus -15 -46  58 6 3.85 3.42

Claustrum -33  -1  10 10 3.82 3.40

*  Significant at p < 0.05 following FDR correction at cluster level.

Table 2.06
Between Groups Analysis 
Healthy Controls>MDD Group: Face Blocks



Table 2.07
Average ROI coordinates

ROI x y z Control Group MDD Group

Left FFA -40.5 -50.97 -20.09 14 14

Right FFA 41.82 -49.53 -19.82 15 15

Left OFA -40.59 -70 -14 15 13

Right OFA 42.94 -69.72 -11.38 14 14

Left STS -51.94 -52.84 11.41 14 14

Right STS 53.72 -50.78 11.59 14 14

*Left PPA -26.45 -47.36 -10.64 15 14

*Right PPA 28.32 -43.88 -10.21 15 15

Left TOS -35 -85.64 15.82 15 14

Right TOS 38.63 -82.47 15.06 15 13

Left RSC -15.21 -55.93 11.55 13 12

Right RSC 17.52 -54.52 14.74 14 13

Left Amygdala -19.55 -6.69 -14.93 12 14

Right Amygdala 22.29 -5.29 -15.29 11 13



Table 2.08
Scene Selective Brain Regions: Cue Phase (Control Group)

Name Coordinates
Cluster 
Extent

T Z

* Left PPA -24 -37 -23 157 8.50 4.97

-33 -43  -8 7.17 4.57

-30 -28 -17 4.53 3.49

Right Anterior 
Temporal

48  17 -20 6 7.54 4.69

Cuneus 21 -91   4 13 7.32 4.62

* Right PPA 30 -40 -14 231 7.15 4.57

12 -52  10 6.64 4.39

12 -37   1 5.39 3.90

* Left TOS -33 -76  31 160 7.12 4.56

-36 -76  40 6.66 4.40

-27 -76  46 6.14 4.21

* Right SPL 36 -55  31 144 6.99 4.51

39 -61  40 5.74 4.05

39 -79  31 5.69 4.03

Precuneus 6 -64  40 20 6.51 4.35

Left LOT -54 -52 -11 19 6.10 4.19

-48 -43 -11 4.17 3.30

* Left RSC -15 -55  10 92 5.97 4.14

-21 -58  16 5.14 3.79

Left Anterior 
Temporal

-54  -7 -20 9 5.36 3.89

Left Amygdala -6   8  -5 15 4.73 3.60

PCC 3 -37  22 13 4.52 3.49

-3 -34  31 4.43 3.44

Right Amygdala 9  14  -5 6 4.39 3.43

VLPFC -33  41  -8 8 4.37 3.41

* Significant at p < 0.05 following FDR correction at cluster level.



Table 2.09
Scene Selective Brain Regions: Cue Phase (MDD Group)

Name Coordinates Cluster Extent T Z

Insula 42 -19  -8 6 7.08 4.55

Right PPA 30 -34 -20 34 6.06 4.18

27 -46 -11 4.36 3.41

21 -34 -14 4.14 3.29

* Left PPA -21 -37 -17 115 5.54 3.97

-30 -49 -14 5.39 3.90

-24 -43  -5 5.06 3.75

Precentral sulcus 0 -28  73 17 5.41 3.91

3 -16  73 4.49 3.47

* Anterior temporal 
(right)

57  -4  -8 41 5.39 3.90

Right TOS 33 -85  28 17 5.21 3.82

33 -76  34 3.83 3.11

Anterior Temporal 
(Left)

-57 -10  -8 24 5.04 3.75

-48 -10 -23 4.48 3.47

White Matter (FOF) 36 -55  13 7 4.96 3.71

Right ITS 60 -40  -5 8 4.90 3.68

Left DLPFC -51  29  13 8 4.77 3.62

* Significant at p < 0.05 following FDR correction at cluster level.



Table 2.09
Scene Selective Brain Regions: Cue Phase (MDD Group)
(Continued)

Name Coordinates Cluster Extent T Z

Insula -39 -28   7 6 4.76 3.61

-33 -19  -2 22 4.76 3.61

-33 -10  -5 4.38 3.42

Premotor Cortex 48  -1  22 8 4.71 3.59

51   8  22 4.08 3.25

Thalamus -21  -7   1 6 4.37 3.41

-36 -22  28 8 4.13 3.29

-42 -13  22 4.01 3.22

Left RSC -6 -61  13 13 4.07 3.25

-9 -55   4 3.96 3.19

9 -55  13 9 4.03 3.23



Table 2.10
Scene Selective Brain Regions: Delay Phase (Control Group)

Name Coordinates Cluster Extent T Z

* Somatosensory 
Cortex

18 -37  70 50 6.30 4.27

18 -31  52 5.72 4.04

24 -25  64 4.60 3.53

* Left PPA (Post) -27 -58  -8 26 5.78 4.07

* Right PPA 36 -37 -14 50 5.78 4.07

18 -37 -11 4.72 3.59

24 -49 -11 4.11 3.27

Left PPA (Ant) -24 -43  -5 7 4.56 3.51

Left TOS -30 -76  19 6 4.44 3.45

* Significant at p < 0.05 following FDR correction at cluster level.



Table 2.11
Scene Selective Brain Regions: Probe Phase (Control Group)

Name Coordinates Cluster Extent T Z

* Left PPA -30 -46 -11 512 15.65 6.30

-21 -40 -11 13.07 5.93

-27 -40 -17 11.00 5.55

* Right PPA 18 -37 -17 1126 13.79 6.04

27 -31 -17 12.21 5.78

18 -55  16 11.79 5.70

* Left TOS -33 -82  31 419 10.62 5.47

-30 -76  37 9.13 5.13

-21 -73  46 8.38 4.94

* Left LOT Cortex -54 -55  -8 40 7.18 4.58

* Right IPS 48 -43  40 68 6.69 4.41

Right DLPFC 30  29  37 15 5.64 4.01

Middle ACC 18  -1  34 8 5.21 3.82

Left Thalamus -12 -22  16 11 5.16 3.80

-3 -16  19 4.42 3.44

Right LOT Cortex 54 -52 -11 8 5.08 3.77

Somatosensory 
Cortex

9 -40  49 9 5.04 3.74

Right IPS -42 -43  40 9 4.96 3.71

Right STS 24  11  52 12 4.65 3.56

Posterior Left PPA -24 -85 -14 8 4.48 3.47

Left SFS -24   5  52 8 4.21 3.33

-21   8  43 4.13 3.28

* Significant at p < 0.05 following FDR correction at cluster level.



Table 2.12
Scene Selective Brain Regions: Probe Phase (MDD Group)

Name Coordinates Cluster Extent T Z

* Right PPA 33 -49 -11 296 7.02 4.52

27 -34 -20 6.44 4.32

36 -37 -14 5.71 4.04

* Left PPA -30 -49 -14 285 6.87 4.47

-24 -40 -11 6.72 4.42

-24 -55 -14 5.67 4.02

* Right TOS 33 -85  28 524 6.62 4.39

39 -67  22 6.51 4.35

18 -73  46 6.18 4.22

* Cerebellum 9 -82 -35 46 6.55 4.36

33 -67 -44 5.01 3.73

24 -70 -38 4.65 3.56

* Left TOS -36 -76   7 120 5.89 4.11

-39 -88  16 5.44 3.92

-33 -76  19 4.86 3.66

* APFC 9  47  25 46 4.96 3.71

6  47  13 4.72 3.59

9  41  37 4.40 3.43

* Significant at p < 0.05 following FDR correction at cluster level.



Table 2.12
Scene Selective Brain Regions: Probe Phase (MDD Group)
(Continued)

Name Coordinates Cluster Extent T Z

DLPFC 33  14  55 7 4.61 3.54

Cerebellum -27 -70 -47 6 4.55 3.51

VMPFC 30  38  -5 7 4.53 3.50

Thalamus -12  -7   4 10 4.43 3.44

VLPFC 48  50  -5 6 4.39 3.43

Right RSC -21 -61  31 18 4.33 3.39

-12 -49   7 4.09 3.26

-15 -55  16 3.90 3.15



Name Coordinates Cluster Extent T Z

* Cerebellum 36 -64 -14 15845 22.94 7.06

-33 -82  -8 19.95 6.79

-21 -31  -2 19.42 6.74

* Middle Frontal Gyrus -33  50  19 35 6.42 4.31

Precentral Gyrus 66  -7  25 13 5.87 4.10

Superior Temporal 
Gyrus

51 -19  -2 9 5.34 3.88

Insula -42 -31  19 7 5.08 3.76

Caudate 24 -31  25 8 5.05 3.75

Claustrum -36  -7  10 6 4.87 3.66

Caudate 18 -19  28 8 4.77 3.62

Insula 36 -25  25 11 4.35 3.40

* Significant at p < 0.05 following FDR correction at cluster level.

Table 3.01
Within Groups Analysis
WM Selection Task: Stimuli Phase (Controls)



Name Coordinates Cluster Extent T Z

* Cingulate gyrus -3  17  46 921 10.71 5.49

-9  20  40 8.00 4.83

-15   8  37 7.42 4.65

* Posterior Cingulate -27 -73   4 298 10.31 5.41

-60 -43   4 6.74 4.43

-45 -46   1 5.80 4.08

* SPL -30 -64  46 517 9.65 5.26

-30 -55  40 9.23 5.16

-48 -46  43 7.22 4.59

* Superior Frontal gyrus -33  50  19 98 8.52 4.98

-48  38  19 4.96 3.71

27 -73   4 325 7.55 4.69

* Cuneus 21 -82   4 6.16 4.22

21 -31  13 6.03 4.17

* Middle Frontal Gyrus 39  44  28 74 7.54 4.69

45  32  34 5.84 4.09

45  26  43 5.84 4.09

Lentiform nucleus 33 -16 -11 17 6.52 4.35

* Cerebellum 45 -67 -26 85 5.90 4.12

39 -55 -32 5.80 4.08

* Thalamus -21 -37   7 29 5.89 4.11

-21 -28  16 4.52 3.49

Cerebellum -15 -37 -26 9 5.88 4.11

* Lentiform nucleus -15   8  -2 63 5.85 4.10

-18   2  13 4.31 3.38

-24   2   4 4.24 3.35

* Claustrum -27  26   4 131 5.58 3.98

-36  11   7 5.27 3.85

-42  14  -8 4.77 3.62

* Significant at p < 0.05 following FDR correction at cluster level.

Table 3.02
WM Selection Task: Cue Phase (Healthy Controls)



Name Coordinates Cluster Extent T Z

Claustrum -24 -10  -5 33 5.55 3.97

-33 -19 -14 5.41 3.91

Cerebellum -45 -58 -29 39 4.98 3.71

-42 -67 -26 4.85 3.65

-48 -61 -20 4.53 3.49

Caudate 0   5  16 6 4.93 3.69

Supramarginal gyrus 63 -52  25 17 4.89 3.67

Middle Frontal Gyrus 30  50  19 17 4.88 3.67

Cerebellum -33 -61 -50 13 4.88 3.67

Supramarginal gyrus 36 -49  37 34 4.85 3.65

48 -58  46 4.24 3.35

Insula 39  14   7 12 4.68 3.57

33  20   7 4.24 3.35

Cerebellum 15 -67 -38 8 4.68 3.57

Precuneus 9 -67  52 27 4.54 3.50

Precuneus 21 -67  58 6 4.45 3.46

* Significant at p < 0.05 following FDR correction at cluster level.

Table 3.02
WM Selection Task: Cue Phase (Healthy Control)
(Continued)



Name Coordinates Cluster Extent T Z

* Superior Frontal 
gyrus

-30  53  22 21777 16.54 6.42

0  17  49 15.55 6.29

-54 -25  19 14.90 6.20

Middle Frontal 
Gyrus

-18  44 -14 21 6.69 4.41

-27  44  -2 3.90 3.16

* Significant at p < 0.05 following FDR correction at cluster level.

Table 3.03
WM Selection Task: Delay Phase (Control Group)



Name Coordinates Cluster Extent T Z

Insula -42  -1  40 955 8.81 5.05

-39 -25  52 8.47 4.96

-30 -25  46 8.00 4.83

Insula -36  23   4 1242 8.32 4.92

9 -25   1 7.71 4.74

-6 -31  -2 7.46 4.67

Putamen 33  -1  -8 11 7.51 4.68

Superior Parietal 
Lobule

-27 -55  46 98 6.13 4.21

Precentral Gyrus 48  -1  46 113 6.04 4.17

33  -4  52 5.63 4.00

Precentral Gyrus 15 -28  73 145 5.96 4.14

6 -28  58 5.17 3.80

0 -19  61 5.13 3.79

Cingulate gyrus -3   2  28 76 5.80 4.08

-9  17  31 5.47 3.94

6   2  28 4.67 3.57

24 -10  16 11 5.16 3.80

Medial Frontal 
Gyrus

9  26  37 7 4.68 3.57

Fusiform Gyrus -30 -46 -17 11 4.50 3.48

Inferior Frontal 
Gyrus

42   5  31 11 4.34 3.40

* Significant at p < 0.05 following FDR correction at cluster level.

*

*

*

*

*

*

Table 3.03
WM Selection Task: Probe Phase (Healthy Controls)



Name Coordinates Cluster Extent T Z

* Parahippocampal 
gyrus

27 -34 -14 15799 20.95 6.89

-30 -97   4 20.65 6.86

24 -94  -8 18.34 6.62

* Superior Temporal 
Gyrus

-48 -40   7 110 11.14 5.58

-51 -49   4 7.88 4.79

-51 -28   1 4.60 3.53

* Superior Temporal 
Gyrus

54  11 -14 52 8.05 4.84

Anterior Cingulate 21  32  25 9 5.71 4.04

* Cerebellum 3 -52 -32 81 5.41 3.91

12 -46 -44 5.14 3.79

21 -37 -41 4.57 3.51

Cerebellum -12 -46 -44 13 5.36 3.89

Anterior Cingulate 15  26  19 9 5.36 3.89

Medial Frontal 
Gyrus

-6  68  10 6 4.99 3.72

Superior Frontal 
gyrus

42  44  31 9 4.94 3.70

Rectal Gyrus 0  32 -23 13 4.50 3.48

-9  35 -17 4.20 3.32

* Significant at p < 0.05 following FDR correction at cluster level.

Table 3.05
WM Selection Task: Stimuli Phase (MDD Group)



Name Coordinates Cluster Extent T Z

* Caudate 27  -1  34 3728 9.85 5.31

39 -37   1 9.85 5.30

30 -61  16 9.40 5.20

* Precentral Gyrus 33 -31  64 989 9.48 5.22

9 -31  70 9.10 5.13

12 -22  70 7.43 4.66

Insula -39 -16  25 19 8.19 4.88

* Cerebellum 42 -61 -32 150 8.01 4.83

30 -61 -29 7.74 4.75

48 -58 -20 4.97 3.71

Cerebellum -24 -34 -29 39 7.36 4.63

* Cerebellum -9 -76 -38 228 7.17 4.57

-6 -76 -23 6.06 4.18

9 -79 -35 5.61 4.00

Cerebellum 33 -55 -47 40 6.55 4.36

27 -67 -44 6.10 4.19

Superior Frontal 
gyrus

-33  53  13 37 5.99 4.15

* Middle Frontal 
Gyrus

39  47  31 85 5.72 4.04

51  26  28 5.07 3.76

39  32  25 4.41 3.43

Cerebellum -36 -55 -47 15 5.62 4.00

White matter -3 -28 -50 19 5.45 3.93

* Inferior Parietal 
Lobe

39 -67  43 85 5.32 3.87

45 -52  46 4.69 3.58

30 -70  52 4.65 3.56

* Significant at p < 0.05 following FDR correction at cluster level.

Table 3.06
WM Selection Task: Cue Phase (MDD Group)



Name Coordinates Cluster Extent T Z

* IPL 45 -49  49 421 12.61 5.85

27 -43  37 5.56 3.97

57 -19  37 5.36 3.89

* Posterior Cingulate 6 -55  -5 12780 10.25 5.40

-39 -37  28 9.87 5.31

33 -40 -29 9.82 5.30

* Middle Frontal Lobe -54   8  37 96 7.62 4.72

* Post central gyrus 54 -13  19 86 7.10 4.55

36 -28  25 4.74 3.60

63 -13  25 3.80 3.10

* Medial Frontal Gyrus 18 -22  55 103 6.93 4.50

24 -16  55 6.42 4.31

27  -4  58 5.37 3.89

* Precuneus 15 -67  43 49 5.85 4.09

* White matter 9 -31 -44 81 5.62 4.00

3 -25 -44 5.54 3.97

-3 -34 -44 5.29 3.86

Inferior Temproral 
Gyrus

57 -37  25 22 5.16 3.80

Middle Frontal Gyrus 24  53 -11 9 5.08 3.76

24  44  -8 3.97 3.19

Cuneus 15 -70  10 13 4.35 3.40

Insula 45 -43  13 8 4.21 3.33

PHG 21 -52   7 8 4.11 3.27

Middle Frontal Gyrus 27   5  49 6 4.05 3.24

* Significant at p < 0.05 following FDR correction at cluster level.

Table 3.07
WM Selection Task: Delay Phase (MDD Group)



Name Coordinates Cluster Extent T Z

Middle Frontal Gyrus -33   2  55 29 5.20 3.82

-30  -1  64 4.14 3.29

Middle Frontal Gyrus 39   5  61 12 4.85 3.65

Cingulate gyrus 9  -7  46 6 4.63 3.55

Lingual Gyrus 12 -82  -5 9 4.57 3.52

Superior Temporal Gyrus 51  17 -23 9 4.47 3.47

Cuneus 27 -97  -8 14 4.42 3.44

Globus Pallidus 15  -7 -11 7 3.88 3.15

Table 3.08
WM Selection Task: Probe Phase (MDD Group)



Table 3.09
Between group comparison: Stimuli phase (Controls>MDD Group)

roi Coordinates Cluster Extent T Z

Left 
VLPFC/Insula

-39  29   4 49 4.88 4.11

-30  17  10 4.54 3.90

-27  26   7 3.62 3.25

Motor Cortex -6   5  70 9 4.77 4.05

Left DLPFC -39   5  28 32 4.41 3.81

Left Premotor -33   2  49 9 4.18 3.65

Right SPL 33 -58  46 7 4.10 3.60

Left DLPFC -42  -1  43 8 4.00 3.53

Left TOS -27 -79  28 6 3.69 3.31

+ Significant at p < 0.05 following FWE correction at the cluster level.

+



Table 3.10
Between group comparison: Delay phase (Controls>MDD Group)

roi Coordinates Cluster Extent T Z

+ Left VLPFC -39  26   4 60 5.46 4.47

+ Left DLPFC -42  -1  40 74 5.20 4.32

-24  -4  46 4.47 3.85

Insula -42  14 -11 9 4.64 3.97

-48  14  -5 3.52 3.18

Right Thalamus/ 
Putamen

24 -10  19 41 4.52 3.88

9   5  13 4.19 3.66

15   2  19 4.00 3.53

Left DLPFC -51  -1  25 38 4.34 3.77

Right DLPFC 51  14  43 13 4.25 3.70

Right DLPFC 42  11  31 10 3.97 3.50

Brainstem -6 -28 -23 13 3.93 3.48

3 -31 -29 3.74 3.34

Right VLPFC 36  29 -11 6 3.73 3.33

Left Ventral Striatum -6   5  13 8 3.70 3.31

Right Ventral 
Striatum

-15   5  10 3.55 3.20

Left PCC -6 -37  25 6 3.67 3.29

+ Significant at p < 0.05 following FWE correction at the cluster             level.

For clusters in the vlPFC and dlPFC, p = 0.06 following FDR correction at the cluster level.



Table 3.11
Between group comparison: Cue phase (MDD Group>Controls)

roi Coordinates Cluster Extent T Z

Right Thalamus 33 -31   1 29 5.20 4.31

Left PCC -12 -46  16 12 5.14 4.28

Right ACC -15  44   7 14 4.97 4.18

Right ACC -15  35  10 4.04 3.56

* Right 
Somatosensory

9 -40  67 94 4.63 3.96

12 -34  55 4.42 3.81

27 -31  58 4.30 3.73

Subcallosal ACC -9  32 -11 20 4.60 3.94

Left Insula -42  -4 -20 19 4.51 3.88

-33 -13 -20 3.94 3.48

Left 
Somatosensory

-12 -31  55 31 4.48 3.86

-15 -40  58 4.46 3.85

-18 -25  52 4.10 3.60

Anterior 
Cingulate

3  20   7 11 4.36 3.78

Right Ventral 
Striatum

27 -19  25 27 4.34 3.76

33 -19  16 3.93 3.48

Somatosensory -12 -40  67 10 4.14 3.63

Right PCC 15 -43  22 6 4.13 3.62

Left OFA -27 -82 -23 8 4.08 3.59

Right STS 42 -28  28 11 4.05 3.56

Right 
Somatosensory

18 -25  67 11 3.84 3.41

* Significant at p < 0.05 following FDR correction at cluster level.



Name Coordinates Cluster Extent T Z

* Fusiform Gyrus 27 -67  -8 635 67.25 6.94

21 -82   4 56.03 6.45

33 -61  13 44.36 5.86

* Superior Parietal Lobule -30 -61  43 477 58.09 6.55

-39 -52  52 34.98 5.28

-9 -64  55 27.10 4.70

* Superior Frontal Gyrus -3  14  49 838 49.98 6.16

-30  -1  64 45.13 5.90

-42  29  31 35.71 5.33

* Middle Temporal Lobe -51 -43   1 479 47.17 6.01

-45 -64 -23 34.72 5.26

-21 -79   4 34.63 5.26

* Anterior Cingulate -3  35  -5 565 46.99 6.00

9  53  16 46.23 5.96

3  35   1 43.82 5.83

* Cerebellum 42 -67 -29 100 40.81 5.65

36 -58 -32 25.79 4.60

* Lingual Gyrus -27 -70  -8 103 40.36 5.62

* Superior Frontal Gyrus -33  53  19 61 38.81 5.53

* Middle Occipiral Gyrus 30 -82  16 50 34.43 5.24

* Precuneus -9 -49  31 194 33.56 5.19

-12 -40  40 20.67 4.14

-6 -67  28 18.67 3.94

* Middle Occipiral Gyrus -27 -82  16 70 32.24 5.09

* Significant at p < 0.05 following FDR correction at cluster level.

Table 3.12
Conjunction Analysis: Cue Phase (All Subjects)



Name Coordinates Cluster Extent T Z

* Claustrum -27  26   4 154 26.53 4.66

-36  11   4 21.31 4.20

-51  17  -2 17.48 3.81

* Inferior Parietal Lobule 39 -49  40 50 25.07 4.54

Superior Frontal Gyrus 39  44  31 72 21.07 4.18

36  38  25 18.08 3.88

45  29  31 17.75 3.84

Thalamus 6 -28  -5 4 20.17 4.09

* Caudate -24 -37  10 44 19.85 4.06

-18 -28  16 18.14 3.88

Middle Frontal Gyrus 36   2  61 33 19.56 4.03

Precuneus 9 -64  52 36 19.51 4.02

-36 -61 -50 3 19.38 4.01

Fusiform Gyrus -42 -34 -14 4 18.98 3.97

Caudate -18 -10  25 26 18.77 3.95

-24  -7  37 12.76 3.25

Postcentral Gyrus 66 -22  34 18 18.76 3.95

63 -25  43 14.19 3.43

Cerebellum 6 -79 -32 13 16.60 3.72

Cerebellum 9 -79 -23 17 16.45 3.70

* Significant at p < 0.05 following FDR correction at cluster level.

Table 3.12
Conjunction Analysis: Cue Phase (All Subjects)
(Continued)



Name Coordinates Cluster Extent F Z

* Precentral Gyrus 715 -39 -13  55 40.28 5.62

-3   8  55 39.50 5.57

-30 -19  61 34.31 5.24

* Claustrum 76 -27  23   4 36.07 5.35

Cuneus 213 9 -85  16 29.14 4.86

12 -73   4 22.46 4.31

-6 -91  22 17.48 3.81

* Lentiform Nucleus 65 -15  -1  -8 27.25 4.72

-15   8  -5 23.59 4.41

* Culmen 22 36 -46 -20 26.36 4.64

Thalamus 62 -6 -28  -5 22.43 4.30

-6 -19 -14 17.22 3.78

3 -28 -17 13.11 3.29

Insula 28 30  26   1 22.32 4.29

30  23  10 14.22 3.44

Inferior Parietal Lobule 36 -66 -28  31 20.98 4.17

Parahippocampal Gyrus 36 12   5  -8 19.97 4.07

15  -7 -11 15.53 3.59

Post Central Gyrus 9 57 -31  55 19.00 3.97

Precuneus 14 45 -70  37 18.87 3.96

Cerebellum 30 -21 -73 -26 17.43 3.81

* Significant at p < 0.05 following FDR correction at cluster level.

Table 3.13
Conjunction Analysis: Delay Phase (All Subjects)



Name Coordinates Cluster Extent F Z

Culmen 13 9 -28  -8 17.40 3.80

9 -25   1 13.19 3.31

Middle Frontal Gyrus 15 33  -4  49 16.72 3.73

Cerebellum 9 -39 -70 -44 15.78 3.62

Precentral Gyrus 10 12 -31  70 15.74 3.62

Superior Frontal Gyrus 6 -30  50  16 15.04 3.53

Superior Parietal Lobule 17 -27 -52  43 14.89 3.52

* Significant at p < 0.05 following FDR correction at cluster level.

Table 3.13
Conjunction Analysis: Delay Phase (All Subjects)
(CONTINUED)



Name Coordinates Cluster Extent T Z

* Cerebellum 27 -67 -11 179 100.8 7.03

* Lingual Gyrus -27 -73   4 55 70.60 6.29

-33 -58   1 22.00 4.02

* Medial Frontal Gyrus 9  53  16 515 62.78 6.05

0  32  -8 47.26 5.47

-6  50  -8 46.40 5.44

* Cerebellum -27 -70 -11 220 59.28 5.93

-30 -79 -11 48.16 5.51

-27 -82 -20 34.29 4.84

* Inferior Parietal Lobule -33 -61  40 215 54.48 5.76

-42 -46  43 24.91 4.24

-39 -55  55 22.52 4.06

* Middle Occipital Gyrus -27 -82  16 89 48.80 5.54

-24 -88  22 41.99 5.24

-42 -73   4 22.96 4.10

* Middle Occipital Gyrus 27 -88  19 72 46.27 5.43

* Precuneus -9 -46  31 154 41.61 5.22

-12 -40  37 27.54 4.43

-9 -49  19 21.38 3.97

* Middle Frontal Gyrus -33  -4  64 109 33.03 4.77

-24  -7  52 22.48 4.06

-12   8  70 19.54 3.82

* Superior Frontal Gyrus -33  50  19 31 32.66 4.75

* Middle Frontal Gyrus -45  35  34 90 26.80 4.38

Table 3.14
Conjunction Analysis: Cue Phase (Controls)



Name Coordinates Cluster Extent T Z

* Middle Temporal Gyrus -54 -43   4 54 26.38 4.35

-60 -28  -2 15.57 3.43

-63 -37   4 14.93 3.37

Lingual Gyrus 21 -82   4 33 26.32 4.34

30 -70   4 22.89 4.09

33 -58  13 22.56 4.07

Superior Parietal Lobule -9 -67  52 13 23.75 4.16

Superior Frontal Gyrus -3  14  49 37 22.37 4.05

Insula -36  11   7 10 20.95 3.94

Parahippocampal Gyrus 36 -46   1 24 20.82 3.92

Cerebellum 45 -67 -26 19 19.85 3.84

* Significant at p < 0.05 following FDR correction at cluster level.

Table 3.14
Conjunction Analysis: Cue Phase (Controls)
(CONTINUED)



Name Coordinates Cluster Extent T Z

* Claustrum -27  23   4 82 36.29 4.95

-39  11   7 15.61 3.44

* Thalamus -6 -28  -2 54 35.43 4.91

-6 -19 -11 20.67 3.91

* Superior Frontal Gyrus -3   8  55 78 32.47 4.74

-6  -1  64 14.10 3.28

Precentral Gyrus -42  -1  40 272 32.17 4.72

-39 -22  52 30.32 4.61

-42  -7  49 29.75 4.57

Culman 36 -43 -20 9 29.71 4.57

Middle Frontal Gyrus 33  -4  46 51 27.88 4.45

42  -1  46 19.95 3.85

Cuneus -9 -94  22 20 27.09 4.40

Thalamus 9 -28   1 23 24.60 4.22

6 -19   1 14.16 3.28

Inferior Frontal Gyrus 33  26   4 26 23.87 4.17

Cuneus 9 -88  13 63 22.41 4.05

15 -73  -2 22.40 4.05

12 -79   7 14.72 3.34

Lentiform Nucleus -18  11  -2 49 20.94 3.94

-15   5 -11 15.59 3.44

Inferior Parietal Lobule -66 -28  31 13 20.65 3.91

Superior Parietal Lobule -27 -52  43 28 20.46 3.89

Cingulate Gyrus -9  17  34 9 18.11 3.68

Table 3.15
Conjunction Analysis: Delay (Control Group)

* Significant at p < 0.05 following FDR correction at cluster level.



Table 3.16
Selection>NonSelection: Cue Phase (Healthy Controls)

roi Coordinates Cluster Extent T Z

* Left IPL -36 -37  31 79 12.12 5.76

-39 -37  49 11.22 5.59

-42 -34  37 5.50 3.95

* Cerebullum 24 -52 -23 62 9.90 5.32

* Right ACC 18  29  13 103 7.16 4.57

24  17  31 6.90 4.48

21  11  13 4.96 3.71

* Right Precentral Gyrus 36  -1 -32 13 6.60 4.38

* Left Caudate -24  14  22 47 6.38 4.30

-18  14  37 4.85 3.65

-21   2  25 4.68 3.57

* Left Anterior Cingulate -6  -4  34 50 6.29 4.27

-6   8  28 6.08 4.19

Left Insula -30 -19  22 20 6.05 4.17

* Left Precentral Gyrus -27  -7  52 37 5.91 4.12

-18   5  58 5.13 3.79

-18  -4  64 4.34 3.40

* Right Caudate 15  17  -5 33 5.90 4.11

21  26  -5 4.58 3.52

18   8  -8 4.21 3.33

Right MFG 45 -43  25 6 5.25 3.84

54 -46  22 4.06 3.25

Left Caudate -15  20  -2 8 5.19 3.81

Cerebullum -18 -64  49 6 5.17 3.81

Right Caudate 36 -25  -5 10 5.09 3.77

45 -22  -2 5.03 3.74

Right Middle Frontal 
Gyrus

42   2  40 10 5.04 3.75

Left Precentral Gyrus -33  29  34 6 4.94 3.70

White Matter -27  38  -5 12 4.87 3.66

* Significant at p < 0.05 following FDR correction at cluster level.



Table 3.17
Selection>NonSelection: Cue Phase (MDD Group)

roi Coordinates Cluster Extent T Z

* Cuneus 12 -70  19 196 6.23 4.24

15 -73   7 5.84 4.09

6 -61   1 5.50 3.95

*
Superior 
Temportal Gyrus

57   2  -8 9 6.00 4.15

54  -4  -2 4.41 3.44

-24 -16 -11 7 5.95 4.14

Anterior 
Cingulate

-6  38  13 8 5.74 4.05

Caudate -6  11  -8 15 5.52 3.96

-3   2  -2 4.77 3.62

3 -25 -41 9 5.46 3.93

Amygdala 33   8 -11 12 5.24 3.84

36  14  -5 5.04 3.75

15  11  -5 8 4.73 3.60

Cuneus 27 -73  37 6 4.72 3.59

Anterior 
Cingulate

9  38  13 6 4.63 3.55

Inferior 
Occipital Gyrus

-12 -91   1 6 4.63 3.54

Inferior 
Occipital Gyrus

-42 -82   7 12 4.31 3.38

-36 -82  16 4.08 3.26

* Significant at p < 0.05 following FDR correction at cluster level.



Table 3.18
Face>NonSelection: Cue Phase (Healthy Controls)

Name Coordinates Cluster Extent T Z

Left IPL -39 -37  46 20 7.93 4.81

* Precentral Gyrus -27  -7  49 79 7.83 4.78

-21  -4  58 5.23 3.83

-21   5  61 4.73 3.60

* Cerebellum/PHG 27 -49 -26 37 6.87 4.47

21 -52 -20 6.13 4.20

Left Insula -30 -19  22 15 6.30 4.27

White Matter 24  29   7 16 5.29 3.86

24  32  -2 5.05 3.75

Left Premotor -9  -4  43 18 4.91 3.68

-3   2  52 4.55 3.51

6  -1  52 4.09 3.27

Left Middle Frontal 
Gyrus

-33  32  31 15 4.69 3.58

Left Insula -42 -40  28 6 4.65 3.56

Right Middle 
Temporal Sulcus

51   2   1 9 4.61 3.54

Left Middle 
Cingulate

-12  11  40 6 4.55 3.51

Left Middle 
Cingulate

12   5  40 10 4.47 3.47

* Significant at p < 0.05 following FDR correction at cluster level.



Table 3.19
NonSelection>Face: Cue Phase (Healthy Controls)

Name Coordinates Cluster Extent T Z

pgACC 0  35 -11 14 6.40 4.31

Right 
Thalamus

24 -13 -17 9 6.31 4.27

* Precuneus 6 -64  37 44 6.25 4.25

-6 -61  40 4.89 3.68

12 -52  40 4.18 3.31

* Left RSC -9 -52  10 51 6.15 4.21

-21 -58  16 4.11 3.27

Left PHG -30 -22 -17 6 5.84 4.09

Left TOS -33 -79  37 19 5.26 3.84

-39 -70  46 4.80 3.63

-45 -64  40 3.93 3.17

* Left PHG -30 -40 -11 31 5.21 3.82

Precuneus -3 -67  25 6 4.75 3.61

left PHG -24 -49   1 6 4.72 3.59

Right RSC 12 -52  10 19 4.70 3.58

9 -43   7 4.63 3.55

* Significant at p < 0.05 following FDR correction at cluster level.



Table 3.20
Scene>NonSelection: Cue Phase (Healthy Controls)

Name Coordinates Cluster Extent T Z

* Right Anterior 
Cingulate

18  29  13 121 7.54 4.69

21  29  34 6.69 4.41

27  14  34 6.24 4.25

* DLPFC -42  38   7 28 7.39 4.64

* Left Caudate -15  23  -2 45 7.11 4.55

-9  14  -5 5.95 4.13

* Cerebllum 30 -46 -26 85 6.91 4.49

30 -40 -17 6.37 4.29

24 -52 -23 5.95 4.14

* Precuneus -15 -67  49 52 6.84 4.46

-24 -61  55 5.29 3.86

* Left IPL -42 -37  49 64 6.75 4.43

-42 -34  37 5.92 4.12

-30 -37  31 4.40 3.43

* White matter -27  44  -2 43 6.64 4.39

Cerebellum -6 -67 -29 6 6.38 4.30

* Left Anterior 
Cingulate

-21  17  25 45 6.32 4.28

-27   2  22 5.97 4.14

-24   5  13 4.79 3.62

* Middle Cingulate -9 -10  34 69 6.07 4.18

3  -1  28 5.50 3.95

-6   5  31 4.96 3.71

* Significant at p < 0.05 following FDR correction at cluster level.



Table 3.20
Scene>NonSelection: Cue Phase (Healthy Controls)
(CONTINUED)

Name Coordinates Cluster Extent T Z

* Left Middle Temporal -54 -43  -8 27 5.95 4.13

-51 -55 -11 5.46 3.93

* Left Middle Temporal -30 -67  28 51 5.74 4.05

-30 -82  28 5.42 3.91

Right Lingual Gyrus 21 -91   7 17 5.70 4.04

Right TOS 39 -73  34 51 5.43 3.92

36 -64  34 4.58 3.52

45 -70  28 4.37 3.41

* Left Cingulate Gyrus -3  26  37 25 5.38 3.90

Left PHG -36 -64  -8 7 5.33 3.88

* Putamen 24  11  10 27 5.29 3.86

15  14  16 4.45 3.46

15   5   7 4.14 3.29

* Right Caudate 15  17  -5 24 5.25 3.84

Right Caudate 24  -1  22 8 5.24 3.84

-33  14  58 12 5.21 3.82

-27   8  61 3.98 3.20

Left Precentral Gyrus -36  17  37 10 5.00 3.72

Right DLPFC 42   8  40 19 4.82 3.64

Left Putamen -30 -10  -2 9 4.81 3.64

Right Insula 39   5 -29 8 4.76 3.61

Right Claustrum 30  20  -5 10 4.69 3.58

Left PHG -42 -37  -8 8 4.56 3.51

Right PHG 42  26  10 15 4.49 3.48

Left Cingulate Gyrus -18  14  37 7 4.35 3.40

Left Precentral Gyrus -45  26  34 14 4.23 3.34

-33  29  34 4.21 3.33

* Significant at p < 0.05 following FDR correction at cluster level.



Table 3.21
Scene>NonSelection: Cue Phase (MDD Group)

Name Coordinates Cluster Extent T Z

* Cuneus 15 -70  22 284 7.10 4.55

-9 -73  16 6.52 4.35

-21 -76  31 6.20 4.23

* Cerebellum -33 -52 -17 88 6.71 4.42

-36 -34 -17 5.57 3.98

-21 -46  -8 4.16 3.30

* Right vSTS 51  -4  -5 65 6.08 4.19

60   2 -11 5.83 4.09

54 -13   7 4.35 3.40

Left Thalamus -18 -19  -5 17 6.00 4.15

-27 -25 -14 5.11 3.78

Right Claustrum 33  -1  -8 15 5.93 4.13

33   8 -11 4.63 3.55

* Precuneus 30 -70  34 40 5.66 4.02

36 -79  40 4.41 3.44

* Significant at p < 0.05 following FDR correction at cluster level.



Table 3.21
Scene>NonSelection: Cue Phase (MDD Group)
(Continued)

Name Coordinates Cluster Extent T Z

Left MFG -51  29  28 12 5.38 3.90

Left Caudate -6  11  -8 8 5.26 3.84

Right Precentral Gyrus 54   8  43 13 5.09 3.77

57  14  37 4.53 3.50

Left DMPFC -18  35  34 6 5.02 3.74

Left IOG -12 -94  -2 15 4.98 3.72

DMPFC -9  44  49 8 4.93 3.69

Left vSTS -54  -4  -8 10 4.84 3.65

Right TOS 39 -76  25 18 4.82 3.64

42 -73  10 4.09 3.27

Left Cingulate -6  44  10 9 4.82 3.64

Left Insula -36 -28   7 9 4.56 3.51

Left IOG -42 -85   7 6 4.43 3.44

Right PHG 39 -31 -17 10 4.41 3.43

Right Thalamus 21 -25  -8 7 4.06 3.24

15 -19 -11 3.91 3.16

* Significant at p < 0.05 
following FDR 
correction at cluster 
level.



Table 3.22
Scene>NonSelection: Probe Phase (Healthy Controls)

Name Coordinates Cluster Extent T Z

* Left TOS -33 -82  31 209 10.26 5.40

-42 -79  22 6.96 4.50

-30 -82  13 5.82 4.08

* Left PHG -30 -49  -8 145 10.16 5.38

-27 -43 -17 9.09 5.12

-27 -58 -14 5.18 3.81

* Right PHG 30 -46  -8 190 10.03 5.35

24 -52 -11 9.47 5.22

24 -31 -17 8.10 4.86

* Right TOS 33 -76  16 299 7.86 4.79

42 -79  19 7.47 4.67

33 -85  19 7.21 4.59

* Right RSC 12 -52  10 45 6.71 4.42

18 -52  19 6.10 4.19

3 -55  10 4.82 3.64

* Left RSC -12 -52  13 24 5.39 3.90

* Significant at p < 0.05 following FDR correction at cluster level.



Table 3.23
Scene>NonSelection: Probe Phase (MDD Group)

Name Coordinates Cluster Extent T Z

* Left Caudate -36 -79   4 92 7.38 4.64

-30 -82  19 4.52 3.49

-21 -85   4 4.31 3.38

* Right TOS 36 -76  31 190 6.95 4.50

30 -70  13 5.02 3.74

42 -85  10 4.59 3.53

* APFC 3  59  34 145 6.74 4.43

15  44  43 5.96 4.14

6  44  40 5.83 4.09

Right PHG 36 -43  -8 126 6.51 4.35

27 -43 -14 5.75 4.05

30 -31 -17 5.55 3.97

* Significant at p < 0.05 following FDR correction at cluster level.



Table 3.24
Clusters that positively correlate with Response Accuracy (Control Group)

Name Coordinates Cluster Extent T Z

Supramarginal gyrus -36 -37  31 69 13.56 5.86

-39 -37  49 10.83 5.39

-42 -34  37 5.32 3.81

Cerebellum 24 -52 -23 65 9.78 5.17

Anterior Cingulate 18  29  13 107 7.26 4.51

24  17  31 6.65 4.32

21  11  16 5.09 3.71

Caudate 36  -1 -32 12 6.70 4.33

Cingulate -21  17  28 96 6.19 4.16

-6  -4  34 6.13 4.13

-6   8  28 5.88 4.04

* Significant at p < 0.05 following FDR correction at cluster level.



Table 3.24
Clusters that positively correlate with Response Accuracy (Control Group)
(Continued)

Name Coordinates Cluster Extent T Z

Superior Temporal Gyrus 48 -43  25 7 6.16 4.14

Insula -30 -19  22 19 6.08 4.11

Left PHG -42 -34  -8 8 5.92 4.05

Caudate 15  17  -5 22 5.71 3.97

21  26  -5 4.82 3.59

18   8  -8 4.11 3.23

Middle Frontal Gyrus -27  -7  52 16 5.70 3.96

Caudate -15  20  -2 6 5.37 3.83

Middle Frontal Gyrus -18   5  61 14 5.31 3.81

Claustrum 42 -22  -2 7 5.28 3.79

Middle Frontal Gyrus 39   2  37 12 4.90 3.63

Precentral Gyrus -57   8  31 7 4.84 3.60

* Significant at p < 0.05 following FDR correction at cluster level.



Table 3.25
Clusters that positively correlate with OSPAN (Control Group)

Name Coordinates Cluster Extent T Z

Supramarginal 
gyrus

-39 -37  49 74 12.01 5.61

-36 -37  31 11.71 5.55

-42 -34  37 5.32 3.81

Cerebellum 24 -52 -23 56 9.85 5.19

ACC 24  17  31 94 8.50 4.86

18  29  13 6.95 4.42

18  23  31 6.38 4.22

* Cingulate -27 -22  22 18 7.50 4.59

Uncas 36  -1 -32 11 7.32 4.53

Precuneus -18 -64  49 7 6.38 4.22

Cingulate Gyrus -6  -4  34 43 6.28 4.19

-6   8  28 6.01 4.09

Left MFG -24  14  22 40 6.28 4.18

-18  14  37 5.74 3.98

-21   2  28 4.60 3.48

* * Significant at p < 0.05 following FDR correction at cluster level.



Table 3.25
Clusters that positively correlate with OSPAN (Control Group)
(Continued)

Name Coordinates Cluster Extent T Z

Caudate 15  17  -5 23 5.87 4.04

18   8  -8 4.39 3.38

Precentral Gyrus -33  29  34 6 5.81 4.01

Left MFG -27  -7  52 21 5.76 3.99

-18  -4  64 4.24 3.30

Precentral Gyrus 39   2  40 10 5.43 3.86

-18   5  58 11 5.31 3.81

Lingual Gyrus 18 -91  10 6 5.28 3.79

Caudate -15  20  -2 6 5.00 3.67

Caudate 21  11  13 10 4.81 3.58

Left MFG -27  38  -5 9 4.78 3.57

Precentral Gyrus -57   5  28 6 4.76 3.56

* Significant at p < 0.05 following FDR correction at cluster level.



Table 3.26
Clusters that positively correlate with Response Accuracy (MDD Group)

Name Coordinates Cluster Extent T Z

Cuneus 12 -70  19 269 6.98 4.43

-6 -70  13 6.49 4.26

18 -70   7 6.17 4.15

Globus Pallidus -24 -16 -11 9 6.74 4.35

Superior Temporal 
Gyrus

57   2  -8 6 5.79 4.00

54  -4  -2 4.28 3.32

Anterior Cingulate -6  38  13 6 5.75 3.99

3 -25 -41 8 5.68 3.96

Caudate -6  11  -8 13 5.58 3.92

-3   2  -2 4.76 3.56

Claustrum 33   8 -11 11 5.10 3.71

36  14  -5 4.93 3.64

PHG -18 -52   4 6 4.45 3.41

Left MOG -39 -85  10 9 4.33 3.35

* Significant at p < 0.05 following FDR correction at cluster level.



Table 3.27
Clusters that positively correlate with OSPAN (MDD Group)

Name Coordinates Cluster Extent T Z

Cuneus 15 -73   7 151 8.54 4.88

12 -70  19 6.73 4.34

6 -61   1 5.83 4.02

Cuneus -12 -76   7 58 5.90 4.05

-15 -70   1 4.91 3.63

-18 -85  25 4.81 3.58

ACC -6  11  -8 14 5.81 4.01

-3   2  -2 4.80 3.58

Superior 
Temporal 
Gyrus

57   2  -8 6 5.78 4.00

54  -4  -2 4.29 3.33

3 -25 -41 6 5.30 3.80

Claustrum 33   8 -11 10 5.23 3.77

4.87 3.61

Left MOG -42 -82   7 6 4.16 3.26

* Significant at p < 0.05 following FDR correction at cluster level.



Table 3.28
ROI Coordinates

ROI x y z

ACC (Right) 9 27 30

BG 15 0 10

Cerebellum 42 -45 -30

Cuneus 10 -85 24

Cuneus 12 -90 30

IFG (Right) 33 21 -3

IFL (Left) -33 21 0

IPL (Left) -45 -39 42

IPL (Right) 45 -39 45

IPS (Left) -21 -60 63

IPS (Right) 30 -63 48

MFG (Left) -33 48 12

MFG (Left) -42 30 24

MFG (Load) -36 21 42

MFG (Right) 36 57 -6

MFG (Right) 48 30 24

MOG (Left) -45 -75 -3

MOG (Right) 45 -78 0

Motor -35 -16 55

MT (Left) -54 -54 -6

PM (Right) 21 3 69

Precuneus (Left) -42 0 30

Precuneus (Right) 15 -63 63

SFS (Left) -24 -3 57

SFS (Right) 24 0 51

SMA 0 15 48

SPL (Left) -21 -66 60

Thalamus (Right) 16 -20 14


