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Abstract
Multiple Sclerosis (MS) is a chronic demyelinating disease that also causes widespread
atrophy, inflammation, and other damage, and thus is a disease that affects neural connectivity.
Depression prevalence in MS is high, but the etiology is not well understood. A specific group
of brain regions, the frontal-subcortical network, has consistently been shown to be related to
depression in the general population. The MS population thus represents a unique opportunity to
study how neuropathology might disrupt networks in the brain and make individuals with MS
more vulnerable to depression, especially if they also experience psychosocial stressors and have
low social support. Twenty-five individuals with MS completed a functional MRI scan while
performing an emotional face matching task, and also completed several self-report measures.
Unified structural equation models were generated using a Group Iterative Multiple Model
Estimation program to examine effective connectivity during affective and neutral trials. Data
were analyzed at the individual and group level, as well as by comparing high and low
depression group models. Several connectivity measures were found to relate to depression
symptoms and depression proneness. On the individual level, fewer subcortical to cortical paths
during affective trials and more cortical to subcortical paths during neutral trials were associated
with depression. When comparing high versus low depression group models, the high
depression group had fewer connections between the dorsolateral prefrontal cortex (dlPFC) and
subcortical regions and fewer cortical to subcortical paths during affective trials, and fewer
cortical-subcortical paths, fewer cortical to subcortical paths, and increased subgenual anterior
cingulate cortex (sgACC)-amygdala connectivity during neutral trials. Furthermore, several of
these connectivity measures interacted with psychosocial variables to predict depression. For
some interactions, lower connectivity in this network interacted with higher stress to predict
depression. However, for some measures, especially during neutral trials, increased connectivity
was associated with increased depression symptoms, especially if associated with higher
stressors. This study demonstrates the feasibility of testing effective connectivity in an MS
population and shows that there are meaningful differences in connectivity that relate to
depression in this group. More studies are necessary to better understand the direction of these
effects, the differences in connectivity during emotional and non-emotional processing, and the
nature of the interaction with psychosocial variables.
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Introduction
Multiple Sclerosis (MS) is the most common demyelinating disease of the Central
Nervous System (CNS), and thus by definition is a disease that affects connectivity. MS is
known for its lesions of white matter (WM) but is also known to lead to gray matter (GM)
lesions, widespread atrophy, inflammation, and diffusion abnormalities. All of these factors are
hypothesized to disrupt neural networks, however researchers are just beginning to examine
network connectivity in MS and have not done so in relation to depression. Depression
prevalence in MS is high, but the etiology is not well understood . The MS population thus
represents a unique opportunity to study how neuropathology might disrupt networks in the brain
and make individuals with MS more vulnerable to depression. A specific group of brain regions,
the frontal-subcortical network, has been consistently shown to be related to depression and
depression risk in the general population. The aim of the current study was to examine whether
individuals with MS with disrupted connectivity in this network were more likely to be
depressed than those with more intact connectivity in this network. It was also tested whether
this connectivity interacted with psychosocial factors to predict depression. By testing these
hypotheses, I hope to better understand the etiology of depression in MS and to ultimately help
improve its treatment.

MS and Depression- Background and Significance
In MS, it is thought that an individual’s immune system destroys their neurons’ myelin
coating and disrupts axonal integrity in the CNS, leading to slowed and disrupted neural
transmission. In lesions, which occur predominantly in the WM (75%), but also in GM, myelin
is destroyed, swollen or fragmented and there are astrocytic scars. Remission of symptoms in
those with a relapsing-remitting course is attributed to reduced inflammatory edema and partial
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re-myelination. However, there is also irreversible axonal injury and atrophy as the disease
progresses (Bjartmar & Trapp, 2001). This damage and disrupted neural transmission lead to a
wide variety of motor, cognitive, and mood symptoms. Some of the most common symptoms of
MS include fatigue, weakness and numbness in the limbs, loss of bowel and bladder control,
sexual dysfunction, pain, cognitive dysfunction, loss of eyesight and balance, and mood
disorders (Arnett, Barwick, & Beeney, 2010; Ban et al., 2008; Goodkin, 1992). Onset of MS is
usually between 20 and 40 years old and life expectancy is only slightly reduced (Sadovnick,
Ebers, Wilson, & Paty, 1992). The disease affects over twice as many females as males (Arnett
et al., 2010; Grima et al., 2000; Whitacre et al., 1999). Finally, an individual’s disease course
can be relapsing-remitting, with intermittent periods of increased symptoms, or progressive, and
many individuals begin with a relapsing course and later transition to a progressive course
(called secondary progressive).
Lifetime prevalence of depression in MS is as high as 50%, compared with 16% in the
general population (American Psychiatric Association, 1994; Arnett, Barwick, & Beeney, 2008;
Chwastiak et al., 2002; Kessler et al., 2005; Patten & Metz, 1997; Sadovnick et al., 1996). This
rate is also higher than that found in most other neurological and non-neurological chronic
disabling diseases (Dalos, Rabins, Brooks, & O'Donnell, 1983; Feinstein, 1995; Huber & Rao,
1993; Minden, Orav, & Reich, 1987a; Minden & Schiffer, 1990; Moussavi et al., 2007; Schiffer
& Babigan, 1984; Schubert & Foliart, 1993; Wells, Golding, & Burnam, 1988; Whitlock &
Siskind, 1980). Therefore, the high depression risk seen in MS cannot solely be attributed to
coping with a chronic disabling disease. Depression is a significant concern in this population
since it has been shown to worsen patients’ quality of life, well-being, adaptive functioning,
treatment compliance, and mortality (Bruce, Hancock, Arnett, & Lynch, 2010; Feinstein,
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O'Conner, & Feinstein, 2002; Mohr et al., 2000; Mohr et al., 1997; Mohr, Goodkin, Nelson, Cox,
& Weiner, 2002).
Most studies have found that risk for depression follows the onset of MS (Joffe, Lippert,
Gray, Sawa, & Horvath, 1987; Minden, Orav, & Reich, 1987b; Sadovnick et al., 1996; Sullivan,
Weinshenker, Mikail, & Edgley, 1995) and depression is more common during disease
exacerbations (Dalos et al., 1983; Fassbender et al., 1998; Kroencke, Denney, & Lynch, 2001).
First-degree relatives of depressed MS patients are no more likely to be depressed than the
general population, suggesting that MS-related depression does not have a strong genetic
contribution (Sadovnick et al., 1996). Overall, depression is very common and clinically
relevant in MS, and there appear to be disease-specific factors, and not just the presence of a
chronic disease, level of disability or family history of depression, that lead to a high depression
risk. Collectively, these findings support the hypothesis that disease-related disruptions in
connectivity might contribute to depression in this population.
There have been no published studies relating MS-related depression to connectivity. In
general, it is known that neural injuries or damage can “disrupt the synchronization between the
site of damage and other connected regions, upstream and downstream, leading to changes in
excitability throughout the network” (He, Shulman, Snyder, & Corbetta, 2007). While MS is
known to lead to decreased functional connectivity in the brain overall, especially in the late or
severe stages of the disease (Filippi & Rocca, 2009; Lowe et al., 2002), very few studies have
been conducted on connectivity in the frontal-subcortical network in MS, and none directly
relating connectivity to depression.
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The Frontal-Subcortical Network in the Depressed General Population
Research on depressed, otherwise healthy populations can be used as a starting point to
determine which network of brain regions might be linked to depression in MS. Depression
involves a wide variety of symptoms, including mood, cognitive, and motor symptoms.
Therefore research has focused on identifying networks of regions that might be involved as
opposed to a specific brain region (Dean et al., 2008; Mayberg, 2009). Structural, functional,
post-mortem, lesion, stimulation, and treatment studies, as well as animal studies, have
consistently implicated a specific set of regions as being related to depression, including areas of
the prefrontal cortex (PFC; see Appendix A for list of acronyms), cingulate cortex, and several
subcortical areas including the amygdala, hippocampus and thalamus (Mayberg, 2006). My
review of past literature will focus on these regions.
The Limbic-Cortical Dysregulation Theory
While this group of regions has consistently been shown to be involved in depression,
acute lesions of many regions in the network (like the amygdala, hippocampus, anterior cingulate
cortex (ACC), and ventromedial frontal cortex (vmFC)) do not cause depressive symptoms or
syndromes (Koenigs et al., 2008; Robinson, Kubox, Starr, Rao & Price, 1984; Mayberg, 2009).
This supports the fact that the functioning of the network as a whole must be critical to
depression (Mayberg, 2009). However, studies are just beginning to study connectivity in the
entire network in relation to depression, and studies more frequently look at activation or
connectivity between pairs or small groups of regions. Studying interactions among multiple
brain regions offers the opportunity to establish “systems-level biomarkers” for clinical
diagnoses, and monitoring of progression and treatment effects (Xia & He, 2011). This study
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aimed to be the first to examine connectivity among a group of brain regions in MS in relation to
depression.
Overall, studies have shown that in depression, activity in cortical areas (e.g. the PFC and
pregenual anterior cingulate cortex (pgACC)) is less correlated temporally with subcortical
activity (e.g. amygdala, hippocampus) (Mayberg, 2009). More specifically, it is known that
depressed individuals have increased subcortical activity (amygdala and subgenual anterior
cingulate cortex (sgACC)) at baseline and in response to emotional stimuli and also have an
attentional bias toward negative stimuli (Davidson, Pizzagalli, Nitschke, & Putnam, 2002; Gotlib
& Hamilton, 2008; Sadovnick et al., 1992; Sheline et al., 2001; Siegle, Steinhauer, Thase,
Stenger, & Carter, 2002; Siegle, Thompson, Carter, Steinhauer, & Thase, 2007b). Studies also
consistently show hypoactivity in the PFC in depressed individuals, which correlates (inversely)
with depression severity (Davidson et al., 2002; Gotlib & Hamilton, 2008). Studies have also
shown that cortical regions are less effective at regulating this heightened activity in limbic areas
in depressed individuals (Segal et al., 2006; Siegle et al., 2002; Siegle et al., 2007b). It is thought
that in depression, this heightened subcortical activity in limbic structures “dampens” activation
in cortical structures, reducing their ability to regulate limbic activity (Gotlib & Hamilton, 2008).
This theory was first proposed by Mayberg and was coined the Limbic-Cortical Dysregulation
model (Mayberg, 1997). This disconnectivity and dysregulation is proposed to interact with
environmental factors to lead to depression. Thus, depression is thought to occur when this
circuit cannot appropriately regulate activity under circumstances of cognitive, emotional, or
physical stress (Mayberg, 2003; Mayberg, 2009; Savitz & Drevets, 2009).
In terms of specific regions’ roles in emotional processing and regulation, the amygdala
is thought to be involved in emotionally mediated attention and assigning emotional significance
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to stimuli (Phelps & Sharot, 2008). The sgACC is believed to mediate the experience of emotion
and emotional reactions to stimuli, particularly stimuli associated with reward seeking (Gotlib &
Hamilton, 2008). Some consider the pgACC to be the key “interface” between cognitive and
emotional processing (Elliott, Zahn, Deakin, & Anderson, 2010). The dorsolateral PFC (dlPFC)
is involved in the regulation of emotion and cognitive control (Ray & Zald, 2012). Lastly, the
orbitofrontal cortex (OFC) is thought to manage categorization and decision-making (Elliott et
al., 2010).
Anatomical connections can also inform the organization of and possible roles of
different regions in this network. For instance, the OFC and medial PFC receive and send
significant input directly to and from the amygdala, while the dlPFC does not (although there are
a small amount of direct projections from the dlPFC to the amygdala) (Ray & Zald, 2012). The
sgACC and pgACC do have strong projections to the amygdala, and are likely important relays
to and from PFC regions (Ray & Zald, 2012). This suggests that amygdalar influences on the
dlPFC and vice versa are most likely indirect (through cingulate or posterior OFC regions) (Ray
& Zald, 2012), possibly leaving more opportunity to be disrupted by neuropathology seen in MS.
Connectivity in the Depressed General Population
Functional connectivity refers to the temporal correlation between activity levels in
separate brain regions. While functional connectivity is purely correlational, effective
connectivity includes the direction of the effect and thus measures the influence of one region’s
activity on another’s. Neither type of connectivity implies a direct physical connection, and so
the connections can be indirect through one or more other regions. Both types of connectivity
can be measured at rest or while an individual performs a task. Many studies over the past
decade have investigated connectivity in the frontal-subcortical network in depressed patients,
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and several of these have examined connectivity while subjects were shown emotional stimuli.
Only these studies will be reviewed for ease of cross-study comparison and summarization, as
well as applicability to the current study. By reviewing these studies I hope to support more
specific hypotheses about the differential connectivity expected in more depressed individuals in
this network.
In a recent review of emotional face processing studies in depression, Stuhrman et al.
(2011) found that unmedicated depressed patients consistently had lower connectivity in the
frontal-subcortical network, specifically between the amygdala and these areas: the pgACC,
dlPFC, and the OFC, and limbic regions such as the hippocampus, putamen, and insula (see
Figure 1 for summary of previous functional connectivity findings; Stuhrman et al., 2011).
Lower connectivity between the amygdala and pgACC was also related to depression severity.
Stuhrman and colleagues also reported consistent findings of increased functional connectivity in
depressed patients between the amygdala and the sgACC and between the dlPFC and OFC. The
authors also report that depressed patients tended to have lower connectivity between the sgACC
and OFC. Finally, depressed patients also consistently showed lower effective connectivity from
the amygdala to the OFC and vice versa and from the dlPFC to the OFC (see Figure 2 for
summary of previous effective connectivity findings). These studies reviewed by Stuhrman, as
well as others, will now be described in more detail. It is important to note that none of these
past studies examined all of the regions in the current study, usually examining pairs or smaller
groups of regions, and so care should be taken in interpreting their results.
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Figure 1. Previous functional connectivity findings on depressed individuals completing
emotional tasks.

mFC: medial frontal cortex; OFC: orbitofrontal cortex; dlPFC: dorsolateral PFC; sgACC: subgenual
ACC; Thal: thalamus, pgACC: pregenual ACC; Hipp: hippocampus; Amyg: amygdala

Effective Connectivity Studies
Many studies using emotional tasks have found lower connectivity between cortical and
subcortical regions in depressed individuals, particularly with the amygdala. Two such studies
measured effective connectivity. Carballedo and colleagues (2011) used structural equation
modeling (SEM) to test the fit of a predicted model of connectivity between the OFC, dlPFC,
pgACC, and amygdala. They found lower effective connectivity strength for the paths from the
left and right amygdala to the left and right OFC, respectively, during an affective face matching
task in medication-free depressed subjects compared to controls (Carballedo et al., 2011).
Patients also had weaker connectivity strength for the path from the right amygdala to the right
pgACC and from the right pgACC to the right dlPFC. Interestingly, depressed patients also had
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higher connectivity than controls for the path from the right pgACC to the right amygdala.
Lastly, these authors also found a trend of higher connectivity for the path from the left dlPFC to
the left OFC in depressed patients. Almeida et al (2009) used dynamic causal modeling and
found lower left OFC to left amygdala effective connectivity in response to happy faces in
depressed patients (major depressive disorder or bipolar disorder, type I, in depressed episode;
mostly medicated) and a non-significant trend toward the same effect with sad faces. They did
not examine connectivity between any other regions. Therefore, in the two studies that were
found to date that studied effective connectivity in depressed patients, there have been mixed
findings, with one study finding weaker cortical to subcortical paths and the other not finding
significant group differences for most connections. One out of two studies also showed weaker
subcortical to cortical connectivity in depressed patients.

Figure 2. Previous effective connectivity findings on depressed individuals completing emotional
tasks.

OFC: orbitofrontal cortex; dlPFC: dorsolateral PFC; Amyg: amygdala; pgACC: pregenual ACC
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Functional Connectivity Studies- Increased and Decreased Connectivity Findings
Several other studies have measured functional connectivity and have found disrupted
connections between subcortical and cortical regions in depressed patients. Siegle et al found
that depressed patients had lower connectivity between the amygdala and the dlPFC (Siegle,
Thompson, Carter, Steinhauer, & Thase, 2007a), and Matthews et al (2008) found decreased
connectivity between the amygdala and the pgACC. Interestingly, Dannlowski and colleagues
(2009) found that depressed patients had lower functional connectivity between bilateral
amygdalae and the pgACC and bilateral dlPFC during an affective face processing task, and this
was also related to severity of depression and presence of the Monoamine Oxidase A (MAOA)
risk allele (Dannlowski et al., 2009). Lastly, Frodl and colleagues (2010) found that the left and
right OFC had lower connectivity with the left pgACC and right thalamus when medication-free
patients with Major Depressive Disorder (MDD) performed an affective face matching task
(Frodl et al., 2010).
Several functional connectivity studies have also found higher subcortical connectivity in
depressed patients, with some mixed findings. Matthews and colleagues (2008) found that
during an affective face matching task including positive and negative emotional faces, young
unmedicated depressed patients had higher connectivity between their amygdala and sgACC.
Using a memory task, Hamilton and Gotlib (2008) found that depressed individuals had higher
connectivity between the right amygdala and both the right hippocampus and right caudateputamen than controls during encoding of subsequently remembered negative, but not neutral or
positive, emotional scenes (Hamilton & Gotlib, 2008). However, Chen et al. (2008) found lower
connectivity between the bilateral amygdalae and the hippocampus and parahippocampal gyrus
in untreated depressed patients compared to matched controls.
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There have been inconsistent findings on functional connectivity between cortical regions
in depressed patients during an affective face matching task. Specifically, Frodl and colleagues
found higher connectivity between the left and right OFC and right dlPFC in depressed patients
(Frodl et al., 2010). However, lower connectivity has also been found between the medial OFC
and ventromedial PFC (vmPFC) during exposure to emotional scenes (Northoff et al., 2004).

Functional Connectivity Studies- Valence Effects and Activation Patterns
Other studies have found more nuanced connectivity differences between depressed and
non-depressed individuals besides depressed patients having higher or lower connectivity
between certain regions. Goulden and colleagues (2010) used dynamic causal modeling to test
connectivity between the fusiform gyrus, amygdala, OFC, and visual cortex. They found that for
remitted patients with MDD, viewing sad faces modulated the path from the lateral OFC to the
fusiform gyrus. Happy faces modulated connections from the amygdala to the OFC and vice
versa and from the OFC to the fusiform gyrus and vice versa. Interestingly, healthy volunteers
showed the opposite effect (Goulden et al., 2012). Furthermore, Johnstone and colleagues (2007)
found that during an effortful affective reappraisal task, while controls had an inverse
relationship between ventrolateral PFC (vlPFC) and amygdala activation (that was mediated by
the vmPFC), depressed patients instead showed a positive association between activation in the
vmPFC and amygdala (Johnstone, van Reekum, Urry, Kalin, & Davidson, 2007). The authors
interpreted this finding as showing that depressed individuals had a “counterproductive
engagement of the right PFC and [a] lack of engagement of the left lateral-ventromedial
prefrontal circuitry important for the down-regulation of amygdala responses to negative
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emotional stimuli.” This fits with the theory that depression is related to ineffective cortical
regulation of subcortical activity.
Overall, these previous studies generally support the Limbic-Cortical Dysregulation
theory and show that during emotional tasks, depressed patients tend to have lower connectivity
between cortical and subcortical areas, higher connectivity within subcortical areas and the
sgACC (with some mixed findings), and mixed results on within-cortical connections. Most of
these studies have shown this with unmedicated patients who met criteria for Major Depressive
Disorder, although some studies showed connectivity differences in patients in remission. Some
studies also showed that connectivity between the amygdala and cortical areas correlated with
depression severity.

The Effect of Treatment on Connectivity in this Network
Besides baseline differences in unmedicated patients, several studies in the depressed
general population have found interesting changes in connectivity in this network following
treatment. A pair of studies measured functional connectivity at rest and during exposure to
neutral, negative and positive pictures in 15 individuals with MDD before and after a 6-week
treatment with an anti-depressant (Anand et al., 2005a; Anand et al., 2005b). Four regions were
analyzed—the pgACC, pallidostriatum (PST), medial thalamus, and amygdala. Before treatment,
the authors found that depressed patients had decreased cortico-limbic connectivity compared to
controls (between the ACC and the PST while viewing neutral and negative pictures, and
between the ACC and the thalamus and PST at rest and while viewing positive pictures). After
treatment, when depression levels were reduced to normal levels, depressed patients’
connectivity between the pgACC and limbic regions was significantly increased during exposure
to neutral and positive pictures, but not during negative pictures (Anand et al., 2005b). The
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authors concluded that lower connectivity between these regions when viewing negative
emotional stimuli might be a trait associated with depression or might only normalize after a
longer course of treatment.
Another study examining treatment effects found that after eight weeks of treatment with
fluoxetine, when depression levels were decreased to the low mild range, connectivity between
the amygdala and several regions increased, including the right PFC (Brodmann areas (BA) 46,
45, and 48), pgACC, and thalamus (Chen et al., 2008). Therefore, the efficacy of antidepressant
treatment might depend more on their ability to restore the regulatory functions of the prefrontal
cortex and reduce excessive subcortical and limbic activity than on their molecular mechanisms
of action (Salerian & Altar, 2012). Therefore, based on these studies some connectivity
differences with the amygdala might be present even after treatment, but some might decrease or
completely normalize with treatment.
Furthermore, different pathways in the frontal-subcortical network have been shown to
change with different depression treatments (Mayberg, 2003; Seminowicz, 2004). Overall,
studies have found that therapy increases cortical activity and thus, perhaps these regions’ ability
to regulate subcortical regions (“top-down” mechanisms) (Mayberg, 2003). In contrast,
medication decreases subcortical activity and thus limits its dampening effect on cortical areas
(“bottom-up” mechanisms) (Goldapple et al., 2004; Hirst, Swingler, Compston, Ben-Shlomo, &
Robertson, 2008; Hyman & Nestler, 1996; Vaidya & Duman, 2001).
Lastly, one study found interesting connectivity differences between different subgroups
of treatment responders and non-responders. Seminowicz and colleagues (2004) used FDG PET
and SEM to test connectivity in a frontal-subcortical model consisting of seven regions—the
lateral PFC (lPFC), OFC, medial frontal cortex (mFC), pgACC, sgACC, hippocampus, and
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anterior thalamus. An anatomically-derived connectivity model was tested and found to be
“stable” for three different groups of depressed patients obtained from three different lab groups.
Also, connectivity differences were found between different groups of treatment responders.
Connections from the hippocampus and OFC to the sgACC, and from the sgACC to the lPFC,
differentiated medication responders from non-responders. Also, connections from the
hippocampus to the PFC and from the OFC to the mFC differentiated responders to
psychotherapy from responders to antidepressant medication. Therefore, there is evidence that
connectivity within a similar network might help describe subtypes of depressed individuals and
to possibly predict treatment response.

Neuropathology and Connectivity in MS
Structural Damage in MS
While neuropathology will not be measured directly in this study, it is likely that any
disrupted connectivity seen in MS is at least partially due to the structural damage caused by MS.
Thus it is important to review the types and common locations of damage typically seen in
individuals with MS. While the hallmark of MS pathology is discrete WM demyelinated lesions
that tend to develop near veins and ventricles, lesions can be present in all cortical lobes and in
deep GM and WM (Charil et al., 2003). Also, there is significant variability in the pathological
mechanisms of lesions (Lucchinetti et al., 2000). Interestingly, lesions in subcortical and deep
WM regions are more likely to re-myelinate than those in the periventricular WM (Patrikios et
al., 2006). Also, studies over the last decade have shown that, in addition to lesions, patients also
have widespread damage, atrophy, and diffusion abnormalities in the normal-appearing white
(NAWM) and gray matter (NAGM) (Filippi et al., 2000; Rovaris et al., 2005).
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MS patients, even with benign MS, have been shown to have abnormal diffusion metrics
in all major WM bundles, (Rocca et al., 2007; Rocca et al., 2009). Also, Kutzelnigg and
colleagues (2005) studied autopsy tissue from MS patients and found that patients with
relapsing-remitting courses or those currently experiencing an exacerbation commonly showed
new and active focal WM lesions (Kutzelnigg et al., 2005). However, patients with primary and
secondary progressive courses were more likely to have diffuse injury of the NAWM and
cortical demyelination, as well as global inflammation of the whole brain and meninges. These
authors suggested that MS begins as a disease of focal WM lesions, and with chronicity leads to
diffuse inflammation, progressive axonal injury in NAWM, and cortical demyelination
(Kutzelnigg et al., 2005). Therefore, while there is significant heterogeneity in the types and
location of neuropathology seen in MS, it is reasonable to assume that the MS patients in the
current study had abnormal diffusion and other structural changes in at least some of the WM
paths and GM in the frontal-subcortical network, especially if they had progressive or later stage
MS.
Lastly, studies have consistently shown that overall lesion load is not directly correlated
with depression in MS (Honer, Hurwitz, Li, Palmer, & Paty, 1987; Millefiorini et al., 1992;
Moller, Wiedemann, Rohde, Backmund, & Sonntag, 1994; Pujol, Bello, Deus, Marti-Vilalta, &
Capdevila, 1997; Ron & Logsdail, 1989; Sabatini et al., 1996). However, neuropathology in
specific regions has been found to be related to depression, including the frontal and temporal
lobes and the ACC, where they might disrupt the frontal-subcortical network (Bakshi et al., 2000;
Feinstein et al., 2010; Feinstein et al., 2004; Gold et al., 2010; Kiy et al., 2011; Pujol et al., 1997;
Savitz & Drevets, 2009; Zorzon et al., 2001). Therefore, a more localized study of
neuropathology and its consequences to a specific network such as this one is warranted in MS.
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Functional Connectivity in MS
Based on the neuropathology seen in MS, one would expect that neural activity and
communication would be slower and more disrupted in the frontal-subcortical network. In fact,
many have proposed that this could be true (Bakshi et al., 2000; Berg et al., 2000; Feinstein,
2004; Sabatini et al., 1996). Feinstein (2010) specifically hypothesized that inflammation,
demyelination, and atrophy in medial inferior frontal areas might lead to lower connectivity in
this frontal-subcortical circuit. While studies have examined connectivity related to motor and
cognitive tasks, only one study was found investigating functional connectivity in MS patients
during an affective task. Passamonti and colleagues used an affective face matching task in their
study of 12 MS patients with mild disability levels and very mild depression levels, although
patients were significantly more depressed than controls (Passamonti et al., 2009). Using a 1.5
Tesla scanner, the authors created a 10 millimeter diameter source region around the left
amygdala and determined which regions showed changes in connectivity with this region as a
function of viewing emotional relative to neutral stimuli. In healthy controls, the mPFC and
vlPFC showed a change in connectivity with the left amygdala, but in MS patients no region
showed a change in connectivity. These connectivity differences remained significant after
controlling for depression levels. These authors concluded that the disconnect between the
amygdala and areas of the PFC represents a vulnerability for depression in MS patients.
While the current study will be focusing on connectivity during an emotional task, since
connectivity will also be analyzed during very basic neutral trials, it is informative that reduced
functional connectivity has also been found at rest in depressed MS patients in many networks
including one involving the bilateral amygdala and medial PFC (Veer et al., 2010).
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Psychosocial Variables and Depression in MS
While measures of neuropathology and functional changes are becoming more sensitive
and nuanced, many investigators believe that there is a significant amount of variance in
depression in MS patients that will never be explained using even the most advanced neural
measures. That is, many believe that depression in these patients is due to a combination of
biological and psychosocial factors, and there are believed to be multiple possible pathways that
lead to depression (Arnett et al., 2008; Di Legge et al., 2003; Feinstein et al., 2004; Mayberg,
2003; Shenal, Harrison, & Demaree, 2003; Zorzon et al., 2001). The neuropathology and
resulting functional changes seen in MS have thus been thought of as a vulnerability for
depression that interacts with environmental stressors. Feinstein theorizes that in MS the brain is
having to work harder to maintain a normal mood and so has less “functional reserve” available
to cope with stressful events that frequently trigger mood disorders (Feinstein, 2011). However,
this diathesis-stress, or biopsychosocial, hypothesis has been studied rarely if at all in MS. Such
a framework was adopted for the current study.
Psychosocial variables found to be related to depression in MS include stress, negative
life events, stress appraisal, coping strategies, conceptions of self and illness, attributional style,
self-efficacy, and social support (Arnett et al., 2008; Arnett, Higginson, Voss, & Randolph, 2002;
Arnett & Randolph, 2006; Feinstein, 2002; Kneebone & Dunmore, 2004; McCabe & de
Judicibus, 2005; McCabe, McKern, & McDonald, 2004; Pakenham, 1999; Pakenham, 2001;
Patten, Metz, & Reimer, 2000; Tesar, Baumhackl, Kopp, & Gunther, 2003). Of these, stress and
social support have most consistently been supported (Caspi et al., 2003; Feinstein, 2002; Hasler,
Drevets, Manji, & Charney, 2004; Kendler, Thornton, & Gardner, 2001; King & Arnett, 2005;
McCabe et al., 2004; McEwen & Seeman, 1999; McIvor, Riklan, & Reznikoff, 1984; Schwartz
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& Kraft, 1999). Social support has been shown to counteract the effects of stress (Billings,
Cronkite, & Moos, 1983; Cohen & Wills, 1985; DeLongis, Folkman, & Lazarus, 1988) and has
also been shown to predict self-reported mental health in MS patients above and beyond all
related demographic and disease variables (Schwartz & Frohner, 2005). For the current study,
stress and social support were used as moderating psychosocial factors. These factors were
chosen due to the consistency of past findings and because of their relatively external nature, as
opposed to variables like cognitive style and coping which might be more directly related to
neural functioning and connectivity in the brain.

Clinical Relevance
There are several ways that the current study could potentially inform and improve the
treatment of depression in MS. As described, connectivity in the frontal-subcortical network has
been shown to be unique in responders and non-responders to different depression treatments
and to predict treatment response (Mayberg, 2009; Seminowicz et al., 2004). Analyzing
connectivity offers a method for examining and monitoring depression on an individualized basis
and thus predicting and personalizing treatment. Improving connectivity and effective regulation
in the frontal-subcortical network is also starting to be considered a goal and mechanism of
treatment. For example, one study showed improved mood following cognitive rehabilitation
interventions for MS that employed PFC-intensive neuropsychological tasks (Allen, Goldstein,
Heyman, & Rondinelli, 1998). There are also studies on cognitive control training for
depression that might prove useful in the MS population (Siegle et al., 2007a). Similarly, but
related to cognitive impairment, Cader and colleagues have suggested that trainings that enhance
connectivity between brain regions normally recruited may limit expression of cognitive
impairment in MS (Cader, Cifelli, Abu-Omar, Palace, & Matthews, 2006). The same logic could
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be applied to depression treatment, such that treatments that increase connectivity in the frontalsubcortical network might limit the depression symptoms so commonly seen in this population.
Therefore, if network connectivity can be better described in MS individuals, it could potentially
improve treatment design, selection and effectiveness, as well as outcome monitoring.

Aims and Hypotheses:
Based on the Limbic-Cortical Dysregulation Model and the previous literature reported, it
was predicted that individuals with MS would have more depression symptoms and depression
proneness if they had lower connectivity in this network as well as high levels of psychosocial
stressors and low social support (see Figure 3 for proposed model). In the general population,
when there is presumably no structural damage, it has been proposed that this functional
disconnect is due to heightened activity in the amygdala and sgACC, as described earlier. While
this could also be true in MS, the lower connectivity in this network in MS patients could also be
caused by lesions and other structural damage, leading to a similar disconnect and ineffective
regulation seen in otherwise healthy depressed patients. This study did not test the cause of
connectivity changes, only the changes themselves and how they related to depression. It was
hypothesized that lower connectivity in this network would create a vulnerability to depression
which was exacerbated by psychosocial stressors and low social support.
This study used an emotional face processing task known to cause activation in the
amygdala and other network areas (Carballedo et al., 2011; Frodl et al., 2010; Matthews, Strigo,
Simmons, Yang, & Paulus, 2008). Since heightened amygdala and sgACC activity is thought to
decrease connectivity and effective “top-down” regulation in this network in depressed
individuals, connectivity was examined during both the affective and neutral trials of this task. It
was expected that more depressed subjects would have lower connectivity during both trial types,
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but that this would be more pronounced during the affective trials. Analyses were completed on
the group and individual level and also by comparing high and low depression groups.
Depression scores were analyzed with and without vegetative symptoms due to the potential
overlap with MS symptoms (see further discussion below).

Figure 3. Proposed Model:
Neuropathology
(e.g. lesions,
atrophy)

Lower effective
connectivity in
frontal-subcortical
network

Subcortical areas
dampening cortical
activity

Depressive
symptoms/
proneness

Stress/ Low social
support

Gray sections represent two possible causes of lower connectivity in the network. These were not tested.
Black sections were tested directly.

For simplicity, when referring to subcortical regions this will include the sgACC. This
was done since the sgACC has consistently been found to be hyperactive in depressed patients,
and regulation of this area is also thought to be less effective in depressed individuals, and so
was conceptualized similarly to the amygdala in this way (Mayberg, 2009). It also has many
connections with the brainstem and other subcortical areas (Mayberg, 2009). Also, in Mayberg’s
circuit model of MDD the sgACC is grouped with other subcortical areas and these regions’
activity is thought to be reciprocally related with cortical regions such as the dlPFC (Mayberg,
2009). Lastly, there are known cytoarchitectural differences between the supra and subgenual
regions of the ACC (Gittins & Harrison, 2004).
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The aims and hypothesis were thus as follows:
1. The first aim of the current study was to determine whether depression symptoms and
proneness were associated with lower effective connectivity in the frontal-subcortical network in
MS patients as measured during an affective task. More specifically:
1a. It was predicted that, on the group level, for those paths that were present for
all MS subjects, more depressed patients would have weaker paths between cortical and
subcortical regions (especially from cortical to subcortical) and stronger paths between
the amygdala and sgACC.
1b. For individual-level analyses, it was hypothesized that those subjects with
fewer connections between cortical and subcortical regions (especially to/from the
amygdala) would be more depressed.
1c. For group comparisons, it was predicted that the connectivity model for the
high depression group would be less likely to have paths present between cortical and
subcortical regions than the low depression group’s model. Based on previous literature,
this was particularly expected between the dlPFC and pgACC and the amygdala, and
between the OFC and the amygdala, thalamus, and sgACC. Also, it was predicted that
the high depression group would be more likely to have paths between the amygdala and
the sgACC.
1d. Lastly, it was also expected that the high depression group’s model would be
less likely to have paths present from cortical to subcortical regions than the low
depression group model.
2. The second aim was to test whether connectivity in this network represented a
vulnerability factor for depression such that it interacted with stress and social support to predict
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depression symptoms and depression proneness. Connectivity factors from the aim 1a and b
analyses that were shown to be related to depression were used in these analyses (since they were
the only connectivity measures of those examined that could be analyzed continuously across the
whole sample).
Follow-up analyses were also conducted to determine the effect of depression medication
and course-type on the connectivity measures mentioned above, given the previous findings on
connectivity changes following anti-depressant medication treatment and more global
neuropathology in progressive course types.
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Methods
Participants
Most participants were recruited as part of a larger longitudinal study on depression in
MS. Two additional subjects were recruited who had not participated in previous study phases.
All participants were recruited through advertising in a newsletter, from MS support groups in
the central Pennsylvania area, and with flyers distributed in the State College (PA) community
and local neurologists’ offices. All participants were diagnosed with definite MS by a boardcertified neurologist according to accepted research protocols (McDonald et al., 2001; Polman et
al., 2011). Participants were excluded if they had any of the following: (a) history of
neurological disease other than MS, (b) history of drug or alcohol abuse, (c) history of
developmental learning disability, (d) visual or motor disturbances that would prohibit testing
without significant alteration of testing procedures, or (e) a clinical exacerbation less than four
weeks before the study.
For the subjects recruited as part of the longitudinal study, they were sent letters
informing them of the next phase of study. All participants were interviewed over the phone to
determine if they were still eligible to participate. Participants were given 100 dollars as
compensation for testing, as well as a neuropsychological report. Informed consent was obtained
for all participants, and the study was approved by the Behavioral Committee of the University
Institutional Review Board at the Pennsylvania State University.
Twenty-five subjects were tested. One subject (a 59-year-old man, EDSS=7) was not
able to undergo an MRI scan due to a non-MRI safe intrathecal baclofen pump, and so was not
included in the analyses. Another subject (a 76-year-old woman, EDSS=4) had extensive brain
atrophy that made normalization of MRI data ineffective, and so she was also excluded from
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analyses. Finally, three subjects (one man and two women, mean age=58, mean EDSS=6.3)
responded accurately on less than 70% of the affective trials of the MRI task. Two of these
subjects were in the high depression group and one in the low depression group. Analyses were
conducted without these subjects. Demographics are thus presented for the 20 subjects included
in analyses (see Table 1).
Table 1. Demographics of Participants.
Mean (SD)
Age
56.7 (9.1)
(range: 35-73)
Gender
16 female, 4 male
Education (Years)
13.9 (1.7)
(range: 12-16)
Course type
11 RR, 9 SP
Years since diagnosis
20.1 (8.6)
(range: 11-37)
EDSS
4.1 (1.9)
(range: 0-8)
RR: Relapsing-Remitting, SP: Secondary-Progressive;
EDSS: Expanded Disability Status Scale

Three out of ten subjects in the low ME Depression group were taking antidepressant
medication, and eight out of ten in the high ME Depression group (see Table 2 for descriptives of
depression and psychosocial variables). Four subjects in the low Total Depression Index group
were taking antidepressants, and seven in the high Total Depression group. Two subjects were
currently taking tricyclic anti-depressant medication, eight were taking Selective Serotonin
Reuptake Inhibitors (SSRIs), and four were taking other antidepressant medication. One of these
subjects was taking both a tricyclic and an SSRI medication and one was taking both an SSRI
and another type of antidepressant. Other medications subjects were taking were as follows: 7
subjects were taking anti-convulsants, 4 were taking stimulants, 8 were taking Copaxone, and 2
were taking Avonex. Six individuals with secondary progressive course types fell in each low
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Depression group and three in each high Depression group. Eighteen out of the 20 subjects
analyzed were right-handed.
One subject’s (age=49, EDSS=4) CMDI ME score fell 3.17 standard deviations above
the mean but this value was not removed so as to include a broad range of depression scores and
to retain as many subjects as possible in a relatively small sample. Otherwise, there were no
significant outliers who deviated more than three Standard Deviations from the mean on
psychosocial or depression measures. Since no more than one or two items were missing for
each measure, scores were prorated. One subject who listed zero supports for every item did not
enter satisfaction ratings and so did not have a satisfaction or average score.

Table 2. Descriptives of depression and psychosocial variables.
BDI-II Total (out of 63; 14 and greater represent greater
than minimal depression)
BDI-FS Total (out of 21; 4 and greater represents clinically
significant depression)
CMDI ME Standard Score
CMDI Total Standard Score
DPRS total (out of 65)
SSQ average number of supports;
Average satisfaction with supports (out of 6)
HUS hassles total;
uplifts total (both out of 159)
Currently taking antidepressants
Problems with depression in past 5-7 years
History of depression treatment
Treatment for depression in past 5-7 years
History of psychotherapy

Mean (SD)
10.8 (8.5) (range: 0-30)
2.8 (2.9) (range: 0-10)
98.6 (19.0) (range: 87-164)
102.7 (18.5) (range: 78-157)
40.8 (17.8) (range: 13-69)
3.6 (2.4)
5.6 (.4)
36.2 (18.0)
57.3 (25.8)
45% yes
40% yes
50% yes
40% yes
20% yes

BDI-II: Beck Depression Inventory Second Edition; BDI-FS: BDI Fast Screen; CMDI: Chicago
Multiscale Depression Inventory; ME: Mood Evaluative Average score; DPRS: Depression Proneness
Rating Scale; SSQ: Social Support Questionnaire; HUS: Hassles and Uplifts Scale

26

Psychosocial Measures
Participants were mailed questionnaires to complete and bring in on test day, when
researchers went over them to ensure completeness and answer any questions. The Chicago
Multiscale Depression Inventory (CMDI) is a 42-item self-report measure that was designed
specifically to measure depression in chronically ill populations (see Appendix B). This measure
consists of mood (i.e. sad, glum), evaluative (i.e. hated, useless), and vegetative (i.e. sluggish,
unable to concentrate) scales of 14 items each. Examinees rate on a scale of 1-5 the extent to
which each word or phrase describes how they have been feeling during the past week, including
that day, where 1 is “Not at All” and 5 is “Extremely.” Higher scores on the CMDI and all other
depression measures used in the current study indicate higher levels of depression. The CMDI
has been found to be a valid and reliable measure of depression in MS patients—with a
Cronbach’s alpha of .82 and .95 for the mood and evaluative scales, respectively (Nyenhuis et al.,
1998). To eliminate confounds between MS disease symptoms and vegetative depressive
symptoms, and in order to follow the recommendation of Nyenhuis et al. (1995) and the
precedent of earlier work (Beeney & Arnett, 2008; Vargas & Arnett, 2010b), the CMDI will be
analyzed with and without the vegetative symptoms. When the vegetative symptoms were
removed, the CMDI mood and evaluative scores were converted to standard scores using the
Nyenhuis et al. controls as a reference. These scores were then averaged. When the vegetative
symptoms were not removed, the total CMDI score was converted to a standard score relative to
Nyenhuis’ controls. A standard score was then derived for both scores relative to the current
group of subjects.
The Beck Depression Inventory Second Edition (BDI-II) is a commonly administered 21
item self-report measure of depression that includes mood, evaluative and vegetative symptoms
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of depression. It asks subjects to select the more appropriate statement out of a group of
statements, with a value from 0 to 3, as it applies to how they have been feeling over the past two
weeks, including that day. The BDI-Fast Screen (BDI-FS) consists of seven items from the BDIII that do not include vegetative symptoms and it was designed to be used as a quick screener for
depression, especially in a medical population. The BDI-FS has been validated for use in the MS
population (Benedict, Fishman, McClellan, Bakshi, & Weinstock-Guttman, 2003). Standard
scores were calculated for both the full BDI-II Total score and the BDI-FS score relative to the
current group of subjects.
For additional analyses, high and low depression groups were also created. Notably, the
high depression group does not indicate clinically significant depression, simply greater
depression symptoms than the low depression group. To do this, two depression index scores
were created. First, a mood-evaluative (ME) Depression Index was created by averaging the
standard scores of the CMDI Mood and Evaluative score and the BDI-FS total. A Total
Depression Index was also created by averaging the CMDI Total standard score and the BDI-II
Total standard score. The CMDI and BDI scores that were combined to make the two Index
scores correlated at .78 (Total, p<.001) and .70 (ME, p<.01) respectively. High and low
depression groups were created using a median split of these two index scores. The ME and
Total Depression Index groups differed by three subjects, with one subject switching to the low
depression group and two switching to the high depression group when calculating groups based
on the ME Depression Index Score instead of the Total Depression Index Score.
While this study mainly focused on current depression symptoms, depression proneness
was also measured to capture those subjects who might not currently be depressed but who tend
to become depressed more often and more severely than others. The Depression Proneness
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Rating Scale (DPRS; see Appendix C) is a self-report questionnaire that measures a person’s
tendency to experience more frequent, long-lasting, and severe depression than others. It has
been shown to have sufficient reliability and validity (Zemore, Fischer, Garratt, & Miller, 1990).
The DPRS asks subjects to rate 13 items from 1 to 5 based on how much each item describes
themselves over the past two years. Individuals are asked to compare themselves to others based
on their mood patterns (e.g. “Compared to others, how often did you see yourself as a failure?”),
where 1 means much less often and 5 means much more often. A summed score was created for
this measure.
To measure stressors, the Hassles and Uplifts Scale (HUS) (DeLongis, 1985; DeLongis et
al., 1988) was used, which is a measure of everyday life events designed for a middle-aged
population. Participants rate 53 items on a 4-point scale ranging from 0 (none or not applicable)
to 3 (a great deal) based on the past month. Each item is rated based on the degree to which the
item has been a hassle, as well as the degree to which it has been an uplift. Items are words or
phrases and address various life domains including work, family, and finances. This scale shows
adequate validity and reliability (DeLongis, 1985) and was designed to measure daily stressors as
well as more momentous negative life events. A hassles minus uplifts score was calculated to
measure the relative amount of hassles, since uplifts have also been shown to be uniquely related
to depression in MS (Vargas & Arnett, 2010b). Other studies have used such a difference score
(Madu & De Jong, 2002; Weller & Avinir, 1993).
The Social Support Questionnaire (SSQ) (Sarason, Levine, Basham, & Sarason, 1983) is
a self-report measure of an individual’s amount of social support and satisfaction with that
support. Twenty-seven items ask examinees to list the people they can count on in 27
hypothetical situations, and then to rate from 1 to 6 how satisfied they are with their overall level
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of support in that situation. This measure has been shown to have adequate validity and
reliability (Sarason et al., 1983). A composite score was created by multiplying an individual’s
average number of supports by their average satisfaction, as has been done in previous studies
(Vargas & Arnett, 2010a).
The Expanded Disability Status Scale (EDSS) is a measure commonly used to quantify
overall disability and ambulation in MS patients. The scores range from 0 to 10 with 0 being no
disability and 10 meaning death due to MS. Scores of 4.5 and above indicate some impairment
in full activity. The version used in the current study asked subjects to rate their ambulation and
daily functioning and self-sufficiency along with the severity of several common MS symptoms.
Imaging protocol
Image Acquisition
All subjects underwent a structural and functional MRI scan using a 3 Tesla magnetic
resonance system (Siemens Magnetom Trio) with an 8 channel Head Matrix coil. All scanning
was done at the Penn State Social, Life, & Engineering Sciences Imaging Center MRI Facility.
T1 Magnetization Prepared Rapid Gradient Echo images were acquired using the following
sequences: T1-weighted spin echo imaging (repetition time (TR)=1650 ms/echo time (TE)=2.03
ms, Field of View (FOV)=256 mm, 160 slices descending (anterior to posterior), slice
thickness=1.00 mm, voxel=1x1x1 mm, sagittal acquisition). For the functional scans,
participants completed the affect matching task (described below; TR=2500 ms/TE=25 ms,
FOV=240 mm, 50 slices descending (anterior to posterior), flip angle=80 degrees, slice
thickness=3.0 mm, voxel=3x3x3 mm, sagittal acquisition). Stimuli were presented via rear
projection using a High resolution (1024x768) DLP Projector and mirror mounted to the head
coil. During the affective task, subjects made selections using their left and right index fingers
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with Nordic Neuro Lab fiber-optic Response Grips. All subjects had sufficient hand strength and
dexterity to make responses with Response Grips. Participants wore headphones to minimize
noise and to communicate with the technician. Subjects’ heads were secured using extra padding
to limit involuntary motion.
MRI Task
The affective matching task was constructed in E-prime based on the task used by
Passamonti and colleagues (2009), which has also been used in other studies such as Carballedo
(2011), Matthews (2008), and Frodl (2010). This task was chosen because of its use in several
depression studies investigating connectivity, including the only other study of functional
connectivity in MS (Passamonti et al., 2009) and because it has been linked to activation in the
regions of interest in this study. Also, emotional face perception is known to lead to activation in
the frontal-subcortical network—particularly connections between the amygdala, OFC, ACC,
and PFC—which help to determine the emotional significance of the facial stimuli (Carballedo,
2011).
The current task was composed of alternating blocks lasting 32 seconds each of either
neutral or affective trials (see Appendix D). Subjects began with a neutral block and ended with
an affective block. There were six of each block in total with six trials per block, and each trial
lasted 4500 ms with 1000 ms of fixation between each trial. Trials were pseudorandomized
within blocks, with every subject receiving the same order of presentation. Instructions at the
beginning of the task explained the procedures, and these were also read aloud to the subject by
the experimenter. A six second instruction trial at the beginning of each block alerted subjects to
the upcoming block (e.g. “match emotions” or “match shapes”). Regardless of when the
participant made their selection, the stimulus remained on the screen for the same amount of time.
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Stimuli and instruction duration was lengthened somewhat from the original task version to
ensure that the patients would have ample time to read and process the information, given the
visual and processing speed deficits commonly seen in MS. Thus, the entire task lasted
approximately eight minutes, with 72 on-task volumes for affective blocks and 72 for neutral
blocks (not including instruction or baseline).
During neutral trials, simple geometric shapes (circles, horizontal and vertical ellipses)
were presented such that one was on the top and two were on the bottom of the screen. One of
the two shapes presented at the bottom was identical to the top shape (the target) and participants
were asked to identify it by pressing either the left or right trigger button. During affective trials,
participants viewed three pictures of three different unfamiliar human faces (either all males or
all females), each expressing one of the following negative emotions: sadness, fear or anger. The
faces were randomized with respect to identity and expression of the face. Faces were presented
in the same configuration as the shapes and participants were instructed to choose the face that
was showing the same emotion as the target face. Behavioral responses for each trial (reaction
time and accuracy) were recorded.
These face stimuli were acquired from a standardized set of photographs (Beaupré &
Hess, 2005) and were used instead of the Ekman faces used in the Passamonti et al. (2009) study
in order to include more contemporary faces. All faces used were Caucasian. Four different
men and four different women were presented expressing one of three emotions, for 12 possible
male faces and 12 possible female faces. Participants completed practice trials for the task
outside of the scanner using the Response Grips until they achieved 90% accuracy. Pictures of
fruit were used for the practice trials. Subjects were fitted with MRI-safe prescription goggles if
they required them. Analyses were completed with only those subjects who answered more than
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70% of the affective trials correctly in the event that the patients with lower accuracy were not
sufficiently engaged in the task, which might lead to different activation and/or connectivity
patterns. These same subjects were also excluded for neutral trial analyses to enable cross-trialtype comparisons.

MRI Pre-processing
Image preprocessing was carried out using the Statistical Parametric Mapping, Version 8
software for Windows (SPM8, Wellcome Department of Cognitive Neurology, University
College of London, London, UK, www.fil.ion.ucl.ac.uk/spm). SPM was run using Matlab v.
7.10 (Mathworks Inc., Natick, Massachusetts, US). T1 and functional data were re-oriented to
visually match the template (x, y, z, pitch, roll, and yaw) before pre-processing. Functional
images were re-aligned and T1 co-registered to the individual’s mean functional image. All data
was normalized using a standardized T1 template from the Montreal Neurological Institute
(MNI), using a 12-parameter affine approach and 2nd degree affine B-spline interpolation. The
T1 was spatially normalized and smoothed with a Gaussian kernel of 6 x 6 x 6 mm3 in order to
minimize anatomical differences and increase signal to noise ratio. The deformation from this
normalization was then used to normalize the functional images. Then the functional data was
smoothed. The affective blocks and instructions were modeled, leaving the neutral trials and 10
second starting baseline unmodeled. Neutral blocks were not statistically modeled in SPM since
we were interested in modeling the activation during affective blocks against activation related to
simple visual processing and matching seen in the neutral conditions. Six realignment
parameters were included as effects of no interest to account for residual motion-related variance.
Registration was checked visually by comparing normalized affective data with the T1 template
and checking landmarks.
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For each subject, motion was inspected to ensure there was no movement more than 3
millimeters in any direction over the length of the task or in one sudden movement. For one
subject, the first four task blocks were removed from analysis due to motion, leaving four neutral
and four affect blocks. For another subject, the last two blocks were removed. One other subject
had the last affective block and instruction trial removed due to a sudden spike of motion greater
than 3 mm.

Region of Interest Selection and Definition
As the goal of the current study was to test whether a network of regions previously
found to be related to depression in the general population was also implicated in depression in
MS, a theoretically driven approach was taken to region of interest (ROI) selection as opposed to
a data-driven approach. ROI selection was thus based on the literature review above, Mayberg’s
Limbic-Cortical Dysregulation model, and Seminowicz’s 2004 study. The number of regions
was intentionally limited to match previous studies and to ensure adequate model simplicity,
accuracy, and reliability. Therefore, the cortical regions chosen were the dlPFC (BA 46), the
MCC (BA 24), the mFC (BA 10/9), the medial orbital frontal cortex (OFC, BA 11), the pgACC
(BA 24/32), and the sgACC (BA 25). The subcortical regions analyzed were the thalamus, the
amygdala, and the hippocampus (see Table 3 for MNI coordinates and Brodmann’s areas for
each region).
Several of the regions are not anatomically well-defined, and so an anatomical atlas was
not ideal for defining the ROIs in this study. Also, regions defined by common atlases such as
Tzourio-Mazoyer et al. are very large and thus might have encompassed regions of potential
functional heterogeneity. Furthermore, the Tzourio atlas and other commonly used atlases are
often derived from a single brain, and do not always include all subdivisions of interest

34

(including those reliably differentiated in studies of depression and emotional processing, such as
the sgACC). Seminowicz et al. (2004) used Structural Equation Modeling with a very similar
network of regions in depressed patients, but the amygdala was not included and the coordinates
did not correspond well to the relevant regions in this study, and so this exact set of regions and
coordinates was not used. Also, while the Seminowicz study included data from several study
groups, region definitions based on one study would be more sensitive to noise.
Therefore, ROIs were defined based on coordinates reported in Fitzgerald and colleagues’
2008 review. These authors used quantitative Activation Likelihood Estimation (ALE) methods
to find the most reliably active voxels across 28 activation studies of depression, several of
which were from Mayberg and colleagues. The studies included measured activation differences
between depressed patients and controls at rest, following antidepressant treatment, and after
positive or negative affective stimuli presentation. Coordinates were chosen from the significant
coordinates presented that corresponded to each of the previously chosen regions and their
Brodmann’s areas. If several coordinates were reported for one region, I chose the coordinates
from studies which used negative stimuli, and if there were still multiple coordinates I chose the
set with the highest ALE value (i.e., the highest probability of a voxel being activated in the most
studies). If no coordinates were reported for a given region based on negative stimuli studies, I
used treatment studies, and if they were still not reported I used coordinates from resting studies.
I used both the left and right sided coordinates if they were both available. If not I used only the
reported coordinates.
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Table 3. Brodmann’s Areas and MNI Coordinates for Chosen ROIs.
Region
Brodmann’s Area MNI Coordinates
Left and right dlPFC
46
(-49,47,1)
(47,30,17)
Left and right OFC
11
(-9,28,-24)
(8,54,-22)
Left mFC
10/9
(-5,55,-7)
Right pgACC
24/32
(5,23,25)
Right MCC
24
(6,14,30)
Right sgACC
25
(4,11,-12)
Left and right amygdala
-(-26,-3,-22)
(26,-3,-22)
Left and right thalamus
-(-4,-15,5)
(9,-17,10)
Right hippocampus (dorsal
-(32,-29,-10)
posterior)
MNI: Montreal Neurological Institute; dlPFC: dorsolateral prefrontal cortex;
OFC: orbitofrontal cortex; pgACC: pregenual ACC; MCC: mid-cingulate
cortex; sgACC: subgenual anterior cingulate cortex; mFC: medial frontal
cortex

Twelve regions were chosen, three bilateral and six only in one hemisphere (see Figure 4).
I then converted the coordinates from Talairach to MNI space using the GingerALE application.
Since only the left amygdala was reported in Fitzgerald et al’s review, and the amygdala was of
particular theoretical importance in this study, an ROI was made for the right amygdala by
flipping the left amygdala ROI along its Y-axis. Therefore, there were a total of 13 ROIs. Once
the coordinates were chosen, they were visualized compared to a mask created using the Wake
Forest University Pick Atlas based on the appropriate Brodmann’s area or label to ensure that the
coordinates fell within the mask in all three planes. Next, the MARSeille Boîte À Région
d'Intérêt (MarsBaR) toolbox was used in spm8 to define 4 millimeter radius ROIs around each of
these coordinates. This size was chosen to be similar to other studies using spherical ROIs
(Carballedo et al., 2011; Frodl et al., 2010) while also being small enough to use one size ROI
for cortical and smaller subcortical areas. ROI time-series were extracted using the MarsBaR
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toolbox in SPM. Time series were separated into neutral and affective blocks for connectivity
analyses, leaving spaces between blocks to indicate separation in time.

Figure 4. Region of Interest (ROI) placement.

10 out of 13 ROIs are shown. Amyg: amygdala; ROFC: right
orbitofrontal cortex, LOFC: left orbitofrontal cortex, pgACC: pregenual
ACC; sgACC: subgenual ACC; MCC: mid-cingulate cortex, thal.:
thalamus; LdlPFC: left dorsolateral PFC, RdlPFC: right dorsolateral PFC

Connectivity Analyses
Effective connectivity was analyzed among the 13 pre-selected regions in the frontalsubcortical network using Group Iterative Multiple Model Estimation (GIMME). This program
is a recently developed group search algorithm that is run in Matlab. This particular program
was chosen because it has been shown to recover reliable effective connectivity maps for a group
and for individuals, and to work well in heterogeneous groups (Gates & Molenaar, 2012). Also,
the group models it generates are always representative of each individual, and not a group

37

average that might not actually represent any single given individual. Finally, GIMME allows
for exploratory study of connectivity within a network as opposed to testing a hypothesized
model.
GIMME compares a null model to each subject’s data which then results in a matrix of
modification indices, which indicate the degree to which each individual’s model would improve
if a given parameter was freed (i.e. a connection was created). The program then uses these
modification indices to identify which parameter (or path), if freed, would improve the greatest
number of subjects’ models to the greatest extent. The majority of individuals’ models must
improve for a given path (parameter) to be freed. The exact threshold for how many individuals’
models must improve if the parameter was freed was set to be 75% based on recommendations
made by Smith et al. (2011) and past studies. The program repeats these steps iteratively until
there are no more paths that meet the criterion and those connections not meeting the 75%
criteria have been removed. This is the group model. Then, to find individual models, the
automatic search procedure within Lisrel starts with this group model and iteratively identifies
additional connections to free on the individual level that would optimally improve the group
model for that individual. Nonsignificant paths are then removed if they do not exist in the
group structure. For greater detail regarding this procedure please see work from Gates and
colleagues (Gates & Molenaar, 2012; Gates, Molenaar, Hillary, Ram, & Rovine, 2010)).
All GIMME models were run using unified Structural Equation Modeling (uSEM), with
autoregressive paths turned on. Both contemporaneous and lagged paths were extracted.
Contemporaneous paths are those that describe the correlation of two regions at the current time
point (time t) and lagged paths are those that describe the correlation between region A at time t
and region B at time t+1. In other words, while contemporaneous paths reflect effects at the
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current time, lagged paths are time dependent, reflecting the effect of one region at time t on
another region at time t+1. Since there are no published methods for quantitatively comparing
models obtained from GIMME, only qualitative group comparisons were made when models
were not nested (meaning one model contained all of the paths of the other, with additional
paths). Because depression is a constant and does not vary over the course of the MRI task, it
could not be added into the GIMME model as an input vector. Also, strengths of beta weights
could not be compared between different group models because they are dependent on the other
connections and total variance in the model they belong to.
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Results
Connectivity Analyses
Whole Group analysis
First, hypothesis 1a was tested, that for paths present for the whole group, those between
subcortical and cortical regions would be weaker in more depressed individuals and the
amygdala-sgACC path would be stronger. To do this, a uSEM model was generated for all
subjects for the affective and neutral blocks separately. The proportion of individuals that had
excellently fitting models for affective blocks was 90% for the Comparative Fit Index (CFI) and
the Root Mean Square Error of Approximation (RMSEA), 50% for the Non-normed Fit Index
(NNFI), 15% for SRMR (Standardized Root Mean Square Residual) and 0% for Chi-squared.
For the neutral blocks, these percentages were 95% for CFI and RMSEA, 75% for NNFI, 5% for
SRMR and 0% for Chi-squared. Since the Chi square index is thought to be overly conservative
(Bentler, 2011) and is sensitive to lower sample size, the other four fit indices are presented as
well, as is standard in SEM modeling. Thus, while in general the models both had relatively low
fit, the neutral block model was a slightly better fit for the group as a whole. Figures 5 and 6
show the contemporaneous and lagged paths that were present for the whole sample for the
affective and neutral trials, respectively.

40

Figure 5. Connectivity model for affective blocks for whole sample.

For all figures: Gold = positive relationship, Red = negative relationship. Dashed lines represent lagged
paths. L: left, R: Right. dlPFC: dorsolateral prefrontal cortex; mFC: medial frontal cortex; OFC:
orbitofrontal cortex; Thal: thalamus; Amyg: amygdala; Hipp: hippocampus; pgACC: pregenual ACC;
MCC: mid-cingulate cortex; sgACC: subgenual cingulate cortex.

Figure 6. Connectivity model for neutral blocks for whole sample.
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Next, for those cortical-subcortical paths present for the entire group for each trial type,
the absolute values of their beta weights were analyzed to see if they were correlated with
depression measures. While the sign of beta weights includes important information, it was of
interest to examine the absolute value of these paths’ beta weights in order to analyze the
strength of the connections. There were two cortical-subcortical paths present for the affective
trials and one for the neutral trials. None of these paths’ strengths were significantly correlated
with any depression measure, nor were their beta weights.

Individual-level Analyses
Next, Hypothesis 1b was tested, that the number of paths each individual had between
subcortical and cortical regions would correlate with depression symptoms. The number of paths
from cortical to subcortical regions, and vice versa, was determined for each individual. While it
was predicted that fewer paths between cortical and subcortical regions would be related to
depression, the number of cortical to subcortical lagged paths during neutral trials correlated
positively with the DPRS and marginally with the CMDI Total score (see Table 4). Therefore,
the more cortical to subcortical paths an individual had during neutral trials, the more prone they
were to depression. Also, the number of cortical to subcortical lagged paths during neutral trials
correlated positively with the ME and Total Depression Index, and marginally with the DPRS.
Finally, the number of subcortical to cortical lagged paths during affective trials correlated
marginally and negatively with the CMDI ME score. In other words, more “top-down” paths
during neutral trials were associated with higher depression while more “bottom-up” paths
during affective trials were associated with lower depression. With the marginally significant
correlations, it is important to note that the effect sizes are still moderate and p-levels likely fall

42

short of traditional levels of significance because of low statistical power. After controlling for
course type, two of these correlations remained significant (see Table 4). The total number of
cortical-subcortical paths was also calculated for subjects (going both directions), as well as the
ratio of “top-down” to “bottom-up” paths but these values did not correlate with any depression
measure.
Table 4. Correlation between cortical-subcortical connectivity and depression measures.
Connectivity measure
Depression Measure it correlated with (r, p)
Number of cortical to subcortical
DPRS (.47, p<.05)
contemporaneous paths during neutral trials
CMDI Tot (.42, p<.1)
Number of cortical to subcortical lagged paths ME Depression Index (.74, p<.001)*
during neutral trials
Total Depression Index (.77, p<.001)*
DPRS (.42, p<.1)
Number of subcortical to cortical lagged paths CMDI ME (-.39, p<.1)
during affective trials
Italics: marginal effect. *: Remained significant when controlling for MS course type. Note: When Index
scores were significantly correlated, correlations with subscores were not presented.

More specific analyses were done to determine whether the number of paths each
individual had to and from the amygdala and to and from the dlPFC correlated with depression
measures. These two areas were chosen due to the amount of previous literature implicating
these regions in depression. Several correlations were found. Correlations were analyzed using
all ROIs, and as several regions had both left and right-hemisphere ROIs, although there were no
specific hypotheses regarding laterality, some results were significant for only one hemisphere.
During affective trials, the total number of contemporaneous paths to and from the right dlPFC
correlated marginally and negatively with the BDI Total (see Table 5). Also, the number of
lagged paths from the right dlPFC and from the right amygdala during affective trials both
correlated with depression scores. During neutral trials, the number of contemporaneous paths
from the right dlPFC and from the left amygdala, and marginally so to the right amygdala and
right dlPFC, correlated with depression measures. Finally, the total number of contemporaneous
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paths to and from the right dlPFC and the left amygdala during neutral trials correlated with
depression measures. After controlling for course type and antidepressant use, more than half of
these relationships remained (see Table 5).
Table 5. Correlation between amygdala and dlPFC connectivity and depression measures.
Connectivity measure
Correlation with Depression Measure (r, p)
Total number of contemporaneous paths to and BDI-Total score(-.41,p<.1)*
from the RdlPFC during affective trials
Number of lagged paths from right dlPFC
BDI-FS score (.42,p<.1)*
during affective trials
Number of lagged paths from right amygdala
BDI Total score (.45,p<.05)
during affective trials
Total number of lagged paths to and from the
BDI FS score (.38, p<.1)*
dlPFC bilaterally during affective trials
Number of contemporaneous paths from
ME Depression Index (.66, p<.01)*
RdlPFC during neutral trials
Total Depression Index (.73, p<.001)*
From left amygdala
Number of contemporaneous paths to right
amygdala during neutral trials

ME Depression Index (.52, p<.05)*
Total Depression Index (.63, p<.01)*
Total Depression Index (-.39, p<.1)*
BDI Total score (-.39, p<.1)*

To right dlPFC
Total number of contemporaneous paths to and
from the right dlPFC during neutral trials

DPRS (-.40, p<.1)$
Total Depression Index (.44, p<.1)*
BDI Total score (.39, p<.1)
CMDI Total (.43, p<.1)*
CMDI ME (.39, p<.1)

To and from left amygdala

ME Depression Index (.47, p<.05)*
Total Depression Index (.50, p<.05)*

Italics: marginal effects. *: Relationships remained after controlling for MS course type. #: Correlation
became marginal. $: Correlation became significant.

Interestingly, some of these measures had a positive relationship with depression and
some a negative relationship. More lagged paths to the right dlPFC and right amygdala during
affective trials were associated with higher depression symptoms, as were more
contemporaneous paths from the right dlPFC and left amygdala during neutral trials. However,
fewer contemporaneous paths to the right amygdala and right dlPFC during neutral trials, and
fewer contemporaneous paths to/from the right dlPFC during affective trials, were related to
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higher depression symptoms. Therefore, more lagged paths from the right amygdala and dlPFC
during affective trials were associated with increased depression symptoms. Also, more
contemporaneous paths from the left amygdala and right dlPFC and fewer contemporaneous
paths to the right dlPFC and amygdala were associated with increased depression and proneness.

High and Low Depression Group Comparisons- Affective Trials
Next, hypothesis 1c was tested to see whether the high depression group would have
fewer paths between cortical and subcortical regions and would be more likely to have a path
between the amygdala and sgACC than the low depression group. To do this, connectivity
models were created using GIMME for the high and low depression groups separately for both
the affective and neutral trials. The high and low ME and Total Depression groups did not differ
on age, sex, or diagnosis duration (see Table 6). For the first analyses, these groups were based
on the ME Depression Index.
Table 6. Demographic comparisons between depression groups
High total
Low total depression
depression group
group
(N= 10)
(N= 10)
Age
57.0 (8.1)
56.3 (10.4)
Sex
1 male; 9 females
3 males; 7 females
Diagnosis
19.9 (9.2) 20.3 (9.4)
19.8 (8.1)
duration
High ME Depression
Low ME Depression
group
Group
(N= 10)
(N= 10)
Age
54.2 (9.7)
59.1 (8.2)
Sex
1 male; 9 females
3 males; 7 females
Diagnosis
20.3 (9.9)
10.9 (7.5)
duration

(t, df, p)

(.-.17, 18, .87)
Fisher’s p=.58
(-.12, 18, .90)
(t, df, p)

(1.2, 18, .24)
Fisher’s p=.58
(-.09, 18, .93)

First, connectivity models were generated using only connectivity measured during the
affective trial blocks. For the low depression group, the proportion of individuals with an
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excellently fitting model was 100% for the CFI and RMSEA, 60% for the NNFI, 20% for the
SRMR and 0% for the Chi square Test. For the high depression group, 90% of individuals
showed excellent model fit based on the CFI and RMSEA, 60% based on NNFI, 20% for SRMR,
and 0% based on Chi square. This suggests that the model for the low depression group was a
slightly better fit. See Figures 7 and 8 for the uSEM connectivity models generated by GIMME
for the low and high depression groups for affective trials. Arrows indicate the influential
relationships between regions, with each arrow indicating a reliable connection observed for all
individuals within the group. The “thickness” of each connection is the average beta weight in
the group for that connection, with wider lines indicating an average beta greater than .5.

Figure 7. Connectivity model for low depression group during affective blocks.
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Figure 8. Connectivity model for high depression group during affective blocks.

In regards to hypothesis 1c, the low depression group had two paths between cortical and
subcortical regions (right dlPFC to right thalamus and left OFC to sgACC) and the high
depression group also had two (thalamus to pgACC and sgACC to left OFC). This does not
support the first part of hypothesis 1c that the high depression group would have fewer paths
between cortical and subcortical regions; however, this was supported for only dlPFC
connectivity. Interestingly, none of the paths to or from the right dlPFC to other regions in the
low depression group were present in the high depression group. Also, neither group showed a
path between the amygdala and sgACC, which does not support the second part of hypothesis 1c
that the high depression group would be more likely to have this path. Hypothesis 1d, however,
was supported since the high depression group had zero cortical to subcortical paths, while the
low depressed group had two (right dlPFC to right thalamus and left OFC to sgACC).
Interestingly, both of the high depression group’s cortical-subcortical paths were from
subcortical to cortical, the opposite direction from the low depression group.
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Other group connectivity differences also emerged which suggested higher overall
connectivity in the low depression group. The low depression group had one path between PFC
and pregenual cingulate regions (MCC to right dlPFC), while the high depression group had
none. The low depression group also had two within-PFC paths (right to left dlPFC and right to
left OFC) and the high depression group had none. While both groups’ models included the
same within-cingulate path (between pgACC and MCC), the high depression group’s path was in
the opposite direction, towards the MCC.
When the high and low depression groups were differentiated based on the Total
Depression Index score instead of the ME Depression Index score, most of the same patterns
remained. The high depression group still had fewer contemporaneous paths overall but more
lagged paths than the low depression group. However, the low depression group had two
cortical-subcortical connections (thalamus to right dlPFC and OFC to sgACC) while the high
depression group had one (thalamus to pgACC), thus supporting hypothesis 1c instead of
rejecting it. Neither group again had the amygdala-sgACC path. The high depression group
again had zero cortical to subcortical paths while the low depression group had the same single
path (left OFC to sgACC).
High and Low Depression Group Comparisons- Neutral Trials
For the neutral blocks, the same predictions were made for group differences as for the
affective blocks but the differences were expected to be less pronounced. For the first analyses,
these groups were based on the ME Depression Index. The proportion of individuals in the low
depression group with an excellent model fit was 100% for CFI and RMSEA, 60% for NNFI,
10% for SRMR and 0% for Chi-Squared. The model fit 90% of individuals excellently in the
high depression group based on the CFI and RMSEA, 60% for NNFI, 20% for SRMR, and 0%
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for Chi-squared. See Figure 9 for the contemporaneous and lagged paths that were present for
all individuals in the low depression group for neutral trials and Figure 10 for paths present for
the high depression group.
Figure 9. Connectivity model for low depression group during neutral blocks.

Overall, the low depression group had eight contemporaneous paths, three of which were
significant for all individuals, while the high depression group also had eight, two of which were
significant for all individuals. For lagged paths, the low depression group had five paths present,
one of which was significant, and the high depression group had six lagged paths present, none
of which was significant. Therefore, the neutral trials did not show the same pattern as the
affective trials of more contemporaneous connectivity in the low depression group. However,
the high depression group again had fewer negative paths than the lower depression group (one
versus two).
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Figure 10. Connectivity model for high depression group during neutral blocks.

Unlike in the affective trials, the first half of hypothesis 1c was supported for neutral
trials, that the high depression group would have fewer paths between cortical and subcortical
regions. While the low depression group had two paths between cortical and subcortical regions
(right dlPFC to right thalamus and left OFC to sgACC) the high depression group had one (MFC
to sgACC). Also, the high depression group had a connection between the sgACC and amygdala
that the low depression group did not have which fits with the predicted increased connectivity
between these regions in the high depression group. In terms of hypothesis 1d, this was also
supported as both the high depression group had one path from cortical to subcortical region
(MFC to sgACC) and the low depression group had two (right dlPFC to thalamus and left OFC
to sgACC).
Other group differences emerged for the neutral trials, suggesting somewhat lower
connectivity in the high depression group. The low depression group had one path between the
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PFC and pregenual cingulate regions (pgACC to right dlPFC) and the high depression group had
none. Both groups had one within-cingulate path (between the pgACC and MCC) but in
opposing directions. In terms of within-PFC paths, both groups showed a path from right to left
OFC, but the high depression group also had a path from the right to left dlPFC. The low
depression group also had a lagged path from the right to left OFC.
When dividing the two groups based on the Total Depression Index instead of the ME
Depression Index for the neutral trials, there were some changes in group differences. The high
depression group now had fewer overall contemporaneous paths than the low depression group
and also fewer lagged paths. Also, the high depression group now had more cortical-subcortical
paths (three vs. one), rather than less, although they both had one cortical to subcortical path.
The high depression group still had the amygdala-sgACC path.
Follow-Up Analyses
Due to previous research showing that antidepressant medication can affect and
sometimes normalize connectivity patterns, connectivity measures were compared in those
individuals who were and were not currently taking any type of antidepressant medications.
These groups differed significantly on both Depression Indices (Total: t= -2.5, df=18, p<.05; ME:
t= -2.3, df=18, p<.05) (with those on medication reporting increased depression symptoms) but
not on the DPRS.
When compared on the connectivity measures reported earlier, subjects taking
antidepressant medication had increased connectivity based on several measures. They had
significantly more contemporaneous cortical to subcortical (and between cortical and subcortical
regions) paths during neutral trials, as well as more paths from the right dlPFC during neutral
trials (see Table 7). The group on medication also had significantly more paths to and from the
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right dlPFC and the dlPFC bilaterally during neutral trials. Finally, the group on antidepressant
medication had marginally more paths from the left amygdala during neutral trials and a
marginally weaker path from the left OFC to the sgACC during affective trials. After controlling
for depression levels, the majority of differences remained significant (see Table 6).
Table 7. Connectivity measures that differed between subject groups
currently taking versus not taking anti-depressant medication.
Connectivity measure
(t,p) (df=18)
Abs. value of contemporaneous path from left
(2.1, p<.1)$
OFC to sgACC during affective trials
Number of cortical to subcortical
(-3.0, p<.01)*
contemporaneous paths during neutral trials
Total number of subcortical-cortical
(-2.1, p<.05)*
contemporaneous paths during neutral trials
Number of contemporaneous paths from right
(-2.7, p<.05)
dlPFC during neutral trials
Number of contemporaneous paths from left
(-1.73, p<.1)
amygdala during neutral trials
Total number of contemporaneous paths to and (-3.5, p<.01)*
from the right dlPFC during neutral trials
Total number of contemporaneous paths to and (-3.5, p<.01)*
from the dlPFC bilaterally during neutral trials
Italics: marginal effect. Note: Negative t value indicates the group taking
medication had a higher value. *: Effect remained significant after
controlling for depression differences. $: Effect became significant after
controlling for depression differences.

Also, given that individuals with more progressive course types have been found to have
more widespread damage to normal-appearing GM and WM (Kutzelnigg et al., 2005),
connectivity in individuals with a secondary progressive course type was compared to those with
a relapsing-remitting course to see if connectivity in this network was lower in patients with a
progressive course. Subjects with a relapsing-remitting course type did not differ from
secondary progressive patients on any depression measures except the DPRS (t=-2.3, p<.05),
with relapsing-remitting patients having greater depression proneness. There were mixed
findings in terms of connectivity. The secondary progressive group had significantly fewer
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cortical to subcortical paths during affective trials relative to subcortical to cortical paths,
compared to the relapsing remitting group (see Table 8). They also had significantly more
lagged paths to and from the left amygdala during affective trials. There were several marginal
differences between the groups, with progressive patients having fewer contemporaneous paths
and more lagged paths.

Demographic and psychosocial analyses
To prepare for testing the second aim of the study, the correlations between psychosocial
variables and depression measures were analyzed (see Appendix E for correlation matrix).
Correlations were also analyzed between depression measures and demographic variables to
determine possible covariates in regression analyses. Age did not correlate with any depression
measure, and males and females did not differ on any depression measure. The Hassles minus
Uplifts difference correlated with all depression measures. The Social Support average score did
not correlate with any depression measures, average number of supports correlated with the
CMDI mood and evaluative average, and the average satisfaction with support correlated with
the DPRS total.
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Table 8. Connectivity measures that differed between subjects with
progressive or relapsing course of MS.
Connectivity measure
(t,p) (df=18)
Number of contemporaneous cortical to
(-1.86, p<.1)
subcortical paths during affective trials
During neutral trials
Ratio of cortical-to-subcortical over
subcortical-to-cortical paths during neutral
trials

(-1.9, p<.1)
(-1.8, p<.1)

During affective trials
Number of contemporaneous paths from right
amygdala during affective trials
Number of lagged paths from left amygdala
during affective trials
Number of lagged paths to the left dlPFC
during affective trials

(-2.5, p<.05)
(-1.8, p<.1)

To the left amygdala
Total number of lagged paths to and from the
left amygdala during affective trials

(2.1, p<.1)
(2.2, p<.05)

(1.9, p<.1)
(1.8, p<.1)

Italics: marginal effect. Note: Negative t value indicates the progressive
group had a lower value.

Psychosocial Interaction
For hypothesis 2, linear regression models were analyzed to test whether connectivity
measures found to be related to depression in aims 1a and 1b interacted with stress or social
support measures to predict depression symptoms or proneness (see Tables 9 and 10). There
were several significant interactions, however not all were in the expected direction. Two of the
significant interactions were in the expected direction, such that fewer paths and higher stressors
were related to the highest level of depression. These were the interactions with the number of
lagged subcortical to cortical paths during affective trials and the number of contemporaneous
paths from the left amygdala during neutral trials both interacting with the Hassles minus Uplifts
score to predict the ME Depression Index (see Tables 9 and 10 and Figures 11 and 12).
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Several other interactions were in unexpected directions. For instance, for several
interactions a high number of relative Hassles and a high number of paths was associated with
the highest depression level—including the number of cortical to subcortical lagged paths during
neutral trials, the number of contemporaneous paths from the right dlPFC during neutral trials
(see Figure 13), the number of contemporaneous paths to the right amygdala during neutral trials,
and the total number of contemporaneous paths to and from the right dlPFC during neutral trials.
Furthermore, for one interaction, between the number of contemporaneous paths to and from the
right dlPFC during affective trials and the Hassles minus Uplifts score, a low number of paths
and a low amount of relative hassles were related to the highest depression level (see Figure 14).
Finally, for one interaction, a high number of paths and a high amount of social support was
related to the highest level of depression—the number of lagged paths from cortical to
subcortical regions during neutral trials.
Almost all interactions remained significant, or remained marginal, after controlling for
course type. When predicting the Total Depression Index instead of the ME Depression Index,
four out of six interactions remained significant or marginal, including the number of subcortical
to cortical lagged paths during affective trials, the total number of contemporaneous paths to and
from the right dlPFC during affective and neutral trials, and the number of contemporaneous
paths from the right dlPFC during neutral trials. Also, there was an additional significant
interaction for the number of lagged paths from the right amygdala during affective trials with
the SSQ average score.

55

Table 9. Linear regression results for interaction of connectivity variables with psychosocial
measures to predict the ME Depression Index.
Variables Entered
B
SEB
ΔR2
ΔF
p
Step 1
Num. of cortical to subcortical lagged paths 3.7
.90
.55
21.8
p<.01
during neutral trials
Step 2
Hassles minus uplifts
-.25
.15
.13
6.6
n.s.
Step 3
Num. of cort.to subcort. lagged paths during .07
.02
.11
8.2
p<.05
neutral trials x hassles minus uplifts
interaction
B
SEB
ΔR2
ΔF
p
Step 1
Num. of subcortical to cortical lagged paths -1.2
.91
.05
.94
n.s.
during affective trials
Step 2
Hassles minus uplifts
.48
.14
.43
14.1
p<.01
Step 3
Num. of subcortical to cortical lagged paths -.04
.02
.09
3.2
p<.1
during affective trials x hassles minus
uplifts interaction
B
SEB
ΔR2
ΔF
p
Step 1
Total num. of contemporaneous paths to
-5.2
1.6
.42
15.7
p<.01
and from the R dlPFC during affective trials
Step 2
Hassles minus uplifts
.74
.20
.13
2.8
p<.01
Step 3
Total num. of contemporaneous paths to
-.13
.05
.13
6.7
p<.05
and from the R dlPFC during affective trials
x hassles minus uplifts interaction
B
SEB
ΔR2
ΔF
p
Step 1
Total num. of contemporaneous paths to
5.5
2.5
.13
2.6
p<.05
and from the R dlPFC during neutral trials
Step 2
Hassles minus uplifts
-.34
.29
.39
13.4
n.s.
Step 3
Total num. of contemporaneous paths to
.14
.07
.11
4.3
p<.1
and from the R dlPFC during neutral trials
x hassles minus uplifts interaction
B
SEB
ΔR2
ΔF
p
Step 1
Num. of contemporaneous paths from R
6.2
3.1
.44
14.0
p<.1
dlPFC during neutral trials
Step 2
Hassles minus uplifts
-.22
.17
.09
3.1
n.s.
Step 3
Num. of contemporaneous paths from R
.16
.06
.14
6.5
p<.05
dlPFC during neutral trials x hassles minus
uplifts interaction
The dependent variable for all analyses was the ME Depression Index. n.s. = not significant. All
interactions remained significant (or remained marginal) after controlling for course type. Italics:
marginally significant interaction.
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Table 10. Linear regression results for interaction of connectivity variables with psychosocial
measures to predict the DPRS.
Variables Entered
B
SEB
ΔR2
ΔF
p
Step 1
Num. of cortical to subcortical lagged paths -.24
4.5
.08
1.5
n.s.
during neutral trials
Step 2
SSQ average score
-1.8
1.1
.04
.71
n.s.
Step 3
Num. of cortical to subcortical lagged paths .48
.25
.18
3.7
p<.1
during neutral trials x SSQ average score
interaction
B
SEB
ΔR2
ΔF
p
Step 1
Num. of contemporaneous paths from L
1.7
3.3
.11
2.3
n.s.
amygdala during neutral trials
Step 2
Hassles minus uplifts
.84
.31
.12
2.5
p<.05
Step 3
Num. of contemporaneous paths from L
-.31
.14
.18
4.9
p<.05
amygdala during neutral trials x hassles
minus uplifts interaction
B
SEB
ΔR2
ΔF
p
Step 1
Num. of contemporaneous paths to R
7.8
6.1
.04
.68
n.s.
amygdala during neutral trials
Step 2
Hassles minus uplifts
.09
.15
.17
3.7
n.s.
Step 3
Num. of contemporaneous paths to R
.20
.11
.13
3.1
p<.1
amygdala during neutral trials x hassles
minus uplifts interaction
The dependent variable for all analyses was the DPRS. n.s. = not significant. The first two
interactions remained significant (or remained marginal) after controlling for course type.
Figure 11. A graphical representation of the interaction between the
number of subcortical to cortical lagged paths during affective trials and
hassles minus uplifts score predicting the ME Depression Index.
190

ME Depression Index

170
150
130

Low num of paths

110

High num of paths

90
70
50
Low HUD

High HUD

HUD: Hassles minus uplifts difference. ME: Mood and Evaluative

57

Figure 12. A graphical representation of the interaction between the
number of contemporaneous paths from the left amygdala during neutral
trials and the hassles minus uplifts score predicting the DPRS.
56
55.5
55

DPRS

54.5
Low num of paths

54

High num of paths

53.5
53
52.5
52
Low HUD

High HUD

HUD: Hassles minus uplifts difference. DPRS: Depression Proneness Rating
Scale.

Figure 13. A graphical representation of the interaction between the
number of contemporaneous paths to and from the right dlPFC during
neutral trials and the hassles minus uplifts score predicting the ME
Depression Index.
115

ME Depression Index

110

105
Low num of paths
High num of paths

100

95

90
Low HUD

High HUD

HUD: Hassles minus uplifts difference. ME: Mood Evaluative.

58

Figure 14. A graphical representation of the interaction between the
number of contemporaneous paths to and from the right dlPFC during
affective trials and the hassles minus uplifts score predicting the ME
Depression Index.
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Discussion
This study was the first to examine connectivity in MS in relation to depression, and
aimed to better understand the etiology of depression in MS by testing a depression theory from
the general population. Overall, this study shows the feasibility of studying effective
connectivity in depression in a chronic, somewhat older MS population. And while there are
many pathways to depression in both the general population and in MS, and no conclusions can
be made about the cause of the patients’ altered connectivity (whether it was the structural
damage, the dampening of cortical activation by hyperactive subcortical regions, or other causes)
this study supports that fact that connectivity measures are related to depression in this
population. This study also showed that theories from the general population such as the
Limbic-Cortical Dysregulation theory, can be effectively applied to individuals with MS to help
understand the etiology of their depression. Lastly, this study also supported the biopsychosocial
theory of depression in MS, showing that psychosocial factors such as positive and negative
daily events and social support can interact with connectivity measures to predict depression.
Specifically, this study examined whether individuals with MS who had lower effective
connectivity in the frontal-subcortical network had higher depression symptoms and proneness,
and whether this lower connectivity interacted with levels of stress or social support.
Connectivity was measured during both the affective and neutral trials of a commonly used task
that is known to cause activation in this network. Depression was analyzed with and without
vegetative symptoms due to the potential overlap with MS symptoms. Analyses were conducted
on the group and individual level as well as comparing high versus low depression groups.
There were several specific hypotheses (see Table 11).
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Table 11. Summary of study findings.
Hypothesis What type Hypothesis
of trial
Supported?
1a
Both
No
1b
Affective
Yes- partly
Neutral
No
1c
Affective
Yes- partly

1d
2

Neutral

Yes

Affective
Neutral
Both

Yes
Yes
Mixed

Which connectivity measure correlated with
greater depression symptoms/proneness
-Fewer subcortical to cortical paths (L)
More cortical to subcortical paths (C+L)
Fewer paths between dlPFC and subcortical
regions (C)
Fewer paths between cortical and subcortical
regions (C); path connecting amygdala and
sgACC (C)
Fewer cortical to subcortical paths (C)
Fewer cortical to subcortical paths (C)
(All more so if individual also had high stressors)
Fewer subcortical to cortical paths (L, Aff.)
Fewer paths from left amygdala (C, Neut.)
More cortical to subcortical paths (L, Neut.)
More paths from right dlPFC (C, Neut.)
More paths to right amygdala (C, Neut.)
More paths to and from the right dlPFC (C,
Neut.)

L: lagged; C: contemporaneous; Aff: affective; Neut: neutral. dlPFC: dorsolateral prefrontal cortex;
sgACC: subgenual anterior cingulate cortex.

First, for hypothesis 1a, it was predicted that for paths present for the whole sample,
individuals with weaker subcortical-cortical paths would have more depression symptoms. This
was the first method used for measuring connectivity between cortical and subcortical regions
because only those paths that were present for the entire sample could be compared continuously
with depression measures. Out of three cortical-subcortical paths present for the whole sample,
none of their strengths or beta weights were correlated with any depression measure. This
suggests that there might be qualitative differences in connectivity between more and less
depressed individuals that make connectivity models including all subjects less informative. The
more clinically significant variable seems to be the presence or absence of paths, as described
below.
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Data were also analyzed on the individual level since the GIMME program provides
reliable individual and group connectivity models. For hypothesis 1b, it was predicted that
individuals with fewer contemporaneous and lagged paths between cortical and subcortical
regions would have more depression symptoms. This was true during affective task trials for the
number of lagged paths from subcortical to cortical regions but neither direction was related for
the number of contemporaneous paths. However, the opposite was found during neutral task
trials for two connectivity measures; subjects with a greater number of contemporaneous and
lagged cortical to subcortical paths had more depression symptoms. This might suggest that
greater cortical-subcortical connectivity during affective processing is related to lower
depression as expected. However, greater connectivity during simple, non-emotional (i.e.,
neutral) processing, where little emotional regulation is needed, might be more indicative of
lower neural efficiency and adjustment to higher neuropathology instead of more effective
regulation. In other words, in the presence of pathology or injury, more connections might be
necessary to maintain performance, suggesting less efficient processing. Alternatively, greater
“bottom-up” connectivity might indicate more of a regulatory process. Interestingly, individuals’
total number of cortical-subcortical paths, going both directions, was not related to depression
measures, suggesting that connectivity in the two directions is differentially related to depression.
This mix of positive and negative relationships was also observed when connectivity was
analyzed only with the amygdala and dlPFC. The same pattern mostly continued, with greater
connectivity during neutral trials being associated with greater depression. The one exception to
this general pattern was that fewer contemporaneous paths to the right amygdala and right dlPFC
during neutral trials were associated with greater depression. During affective trials, most
connectivity measures were positively related to depression, including lagged paths from the
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right amygdala and to and from the dlPFC bilaterally, however, the number of contemporaneous
paths to and from the right dlPFC was negatively related. Regardless, connectivity with these
regions was strongly related to depression symptoms, especially more lagged paths from the
right amygdala and right dlPFC during affective trials and more contemporaneous paths from the
right dlPFC and left amygdala during neutral trials.
Next, the patients were divided into high and low depression groups and for hypothesis
1c, it was predicted that the model for the high depression group would be less likely to have
paths present between cortical and subcortical regions than the low depression group model.
Based on previous literature, this was especially predicted between the dlPFC and pgACC and
the amygdala, and between the OFC and the amygdala, thalamus, and sgACC. For the affective
trials, this hypothesis was only supported for those connections to and from the dlPFC;
specifically, the high depression group had fewer dlPFC-subcortical connections. The lack of
connection between the amygdala and either the pgACC or dlPFC in the high depression group
was consistent with predictions and with previous findings. However, since neither high nor low
depression groups showed connectivity between the amygdala and any other regions during
affective trials, this finding might have been less of a function of depression and more of MSrelated neuropathology. Since the anatomical connections between the dlPFC and amygdala are
mainly indirect, it could be that the neuropathology seen in MS is even more likely to damage
this connection. However, there were also no paths present between the amygdala and either the
mFC or OFC for either group, where there are direct anatomical connections in the general
population (Ray & Zald, 2012).
Also, the lack of connection between the OFC and the amygdala and thalamus in the high
depression group during affective trials fits with previous depression literature, but again these
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connections were also not present in the low depression group. Furthermore, the connection
present between the OFC and sgACC in the high depression group contrasted with previous
findings, but this connection was also present in the low depression group. Overall, however, the
high depression group had fewer contemporaneous paths within the network as a whole during
affective trials, which indicates decreased overall connectivity.
During neutral trials, while there were no differences in total number of contemporaneous
paths between the groups, hypothesis 1c was supported since the high depression group had one
fewer cortical-subcortical path than the low depression group. Although these results are more
difficult to compare with previous studies because other studies did not always analyze different
trial types separately, there were some consistent findings. The lack of OFC-sgACC path in the
high depression group that was present in the low depression group fit with previous findings of
lower connectivity between these regions in depressed individuals (Stuhrman et al., 2011). Also,
the lack of paths between the amygdala and the pgACC and OFC and from the OFC and
thalamus in the high depression group also fits with previous findings (Almeida et al., 2009;
Carballedo et al., 2011; Dannlowski et al., 2009; Matthews et al., 2008). However, these paths
were also not present in the low depression group. Furthermore, the only model in which there
was a direct or indirect path between the amygdala and a cortical region was for the low
depression group during neutral trials (between the mFC, sgACC and amygdala), when the
amygdala should theoretically have been the least active.
For the second half of hypothesis 1c, it was predicted that the high depression group
would be more likely to have a path between the amygdala and sgACC than the low depression
group. This was supported for the neutral trials but not for the affective trials. The lack of path
between the sgACC and amygdala in the high depression group during affective trials contrasts
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with previous findings. It is possible that the presumed greater amygdala activation during the
affective trials disrupted its connectivity with other regions. Past studies have found mixed
results for connectivity between subcortical regions in depression. In this study, for both
affective and neutral trials, the high depression group had one more contemporaneous withinsubcortical connection than the low depression group. This suggests that greater overall
subcortical connectivity might also be related to depression as well as amygdala-sgACC
connectivity (during neutral trials). Interestingly, previous effective connectivity studies on
depression in the general population have found lower connectivity from the amygdala to the
pgACC, from the pgACC to the dlPFC, and to and from the amygdala and the OFC. Consistent
with this literature, none of these paths were present in the high depression group in this study;
however, they were also not present in the low depression group.
In regards to one of the most consistent findings in previous literature of the amygdala
being less connected with other regions in depressed individuals, the present study found that the
amygdala only meaningfully connected to its contralateral side for almost all models across
depressed and non-depressed groups and for the whole sample. The only model where this was
not true was in the high depression group for neutral trials, where the amygdala and sgACC were
connected. This suggests that in MS patients more generally, connectivity with the amygdala is
low, and is not necessarily related to depression symptoms. This fits with Passamonti et al’s
(2009) finding that MS patients even with very low depression symptoms showed a lack of
connectivity with the amygdala. Interestingly, though, the number of paths individuals had from
the right amygdala during affective trials and the left amygdala during neutral trials was found to
be related positively to depression, and the number of paths to the right amygdala during neutral
trials was negatively related, suggesting that there is clinically meaningful variability in the
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connectivity of this region. Finally, it is known that the amygdala and other ventral areas of the
brain have a lower signal-to-noise ratio due to susceptibility artifacts, and this might have made
it more difficult to detect connectivity with these regions.
Hypothesis 1d was that more depressed individuals would have fewer “top-down” paths
from cortical to subcortical regions, as a possible sign of less effective communication with and
regulation of subcortical regions. This was mainly predicted for the affective trials. This
hypothesis was supported for both the affective and neutral trials. Interestingly, for affective
trials there were only “bottom-up” paths in the high depression group, while in the low
depression group there were only “top-down” paths. This fits with the hypothesis and previous
findings that the more depressed individuals would have less “top-down” regulation, especially
in contexts where subcortical areas are likely to be more active. However, since activation
differences were not measured, it cannot be determined whether cortical areas were actually less
effective at regulating subcortical activity. Still, with lower connectivity from cortical to
subcortical regions, there should theoretically be less potential for regulation, at least from these
regions.
Finally, it was hypothesized that connectivity measures found to be related to depression
in aims 1a and 1b would act as a vulnerability factor and interact with high stress and low social
support to predict greater depression symptoms. This was based on the theory from the general
population that depression occurs when this frontal-subcortical circuit cannot appropriately
regulate activity under circumstances of external stress (Mayberg, 2003, 2009b; Savitz &
Drevets, 2009). Several connectivity measures, for both neutral and affective trials, were found
to interact with these psychosocial stressors to predict depression symptoms, particularly the
relative amount of negative to positive everyday events (hassles minus uplifts). Two of the
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interactions were in the expected direction. Those were that individuals with fewer lagged
subcortical to cortical paths during affective trials and those with fewer contemporaneous paths
from the left amygdala during neutral trials were more likely to be depressed if they also had a
relatively high amount of stressors.
Surprisingly, however, the other significant interactions were not in the expected
direction. For most other significant interactions, a high amount of relative stressors was still
related to depression but individuals with more contemporaneous paths during neutral trials were
more depressed, and possible reasons for this were explained earlier. However, since more paths
during neutral trials were related to increased depression, the interactions with high stress fit with
the expected direction. Lastly, there were also two interactions where individuals with fewer
relative hassles and greater social support were more depressed, which was surprising. While
this finding might be spurious, it is possible that those with more hassles and/or social support
have a greater amount of daily activity and social connections (e.g., through employment), which
might indicate more intact physical and cognitive functioning that might be related to lower
neuropathology and possibly lower depression risk (Kanner, Coyne, Schaefer, & Lazarus, 1981).
Interesting observations can also be made when comparing connectivity during the
neutral and affective trials for each group. For instance, while the amygdala was only
meaningfully connected to itself during the affective trials, during neutral trials the amygdala
was connected to the sgACC in the high depression group. Therefore, for the high depression
group the affective trials led to a somewhat lower connectivity with the amygdala. Also, for the
low depression group, there were slightly more paths present among cortical and pre-cingulate
regions during the affective trials than during neutral trials. For the high depression group there
were more of these paths for the neutral trials. This suggests that the affective content and
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possibly the different cognitive demand of the affective and neutral trials might have had
different effects on connectivity patterns for the high versus low depression groups.
Based on past findings that antidepressant medication can reverse or normalize
connectivity differences, connectivity was compared between subjects currently taking
antidepressant medication and those who were not. Several connectivity measures differed
between groups, mostly showing that the medicated group had increased connectivity. Many of
these correlations remained significant even after controlling for depression differences. These
included the medicated group having a weaker connection from the left OFC to the sgACC
during affective trials, more cortical to subcortical contemporaneous paths, more total corticalsubcortical paths, and more contemporaneous paths to and from the right dlPFC and both dlPFCs,
all during neutral trials. Interestingly, these connections were all “top-down” or concerning
cortical regions, and medication’s effects are thought to be mediated by “bottom-up” connections
(Mayberg, 2009). Of note, Seminowicz and colleagues (2004) found that medication nonresponders had a significantly more negative path weight for the connection from the OFC to the
sgACC than medication responders. Furthermore, it is not clear if this higher connectivity in the
medication group indicates a normalization of connectivity or instead increased neuropathology
and compensation as described earlier, since almost all of the group differences were found
during neutral trials and showed that the medicated group had more paths present, and for the
only affective measure they had weaker connectivity. Of course causal statements cannot be
made about the effects of medication given the correlational design of the study, but it is
interesting that the medication group was found to have increased connectivity based on several
measures, even after controlling for depression levels.
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Additional analyses were also completed comparing connectivity measures between
subjects with relapsing-remitting and secondary progressive course types. Several differences
were found, most during affective trials, although these were mixed. The subjects with
secondary progressive course types were found to have fewer cortical to subcortical paths during
affective and neutral trials, fewer contemporaneous paths from the right amygdala, and more
lagged paths to and from the left amygdala and to the left dlPFC during affective trials. The
findings that the secondary progressive group had fewer cortical to subcortical paths than the
relapsing-remitting group during both trial types fits with the prediction that, due to more
widespread pathology in the secondary progressive group, there would be lower connectivity.
The increase in lagged paths to and from the amygdala and PFC might suggest slower processing
or less efficient processing.
All of the above analyses were completed with and without vegetative depression
symptoms due to the potential overlap between these symptoms and common symptoms of MS.
Interestingly, while many connectivity measures correlated with both the ME and Total
Depression Indices, the measures that correlated solely with ME depression measures were all
measured during affective trials, and were all lagged paths. The connectivity variables that
correlated only with total depression measures were both contemporary paths during neutral
trials and contemporaneous and lagged paths during affective trials. This suggests that
connectivity differences seen during affective trials might be more related specifically to
depression while those seen during neutral trials might also be related to general MS-related
pathology.
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Clinical Implications
My results indicate foremost that while MS patients might have neural connectivity
differences that might put them at risk for depression, psychosocial factors (i.e., stress) are
important potentially modifiable moderators for this effect. Several of our analyses showed that
a high amount of relative hassles interacted with connectivity indices to predict higher
depression. It may be that with patients who have high vulnerability to depression because of
reduced connectivity, finding ways to help patients reduce the impact of stress could make them
less likely to become depressed. For example, patients could work on maintaining positive
social support, limiting daily stressors, and maximizing uplifting experiences as well. This is not
to say that connectivity might not also be modifiable; studies have shown that cognitive
rehabilitation and cognitive control training can improve mood (Allen et al., 1998). Also, studies
using antidepressant medication in depressed patients have shown normalization of connectivity
with successful treatment (Chen et al., 2007) and therapy is also known to alter activity in this
network. Furthermore, with more individualized studies of connectivity, researchers and
clinicians might be able to better predict which treatment might be best for a given individual
(e.g. Seminowicz, 2004). Patients and clinicians should be aware of the higher risk for
widespread damage and disrupted connectivity in patients with progressive courses, although in
our sample more progressive patients did not show higher depressive symptoms.

Limitations
This study has several limitations. First, our sample, while being ecologically valid in
many respects, was recruited in such a way that was likely to target a more motivated, socially
active, and relatively less depressed group since they all responded to newsletters or
advertisements, or were active in MS support groups. Furthermore, most of this sample returned
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for testing at three different time points over a period of around 11 years. Also, our sample
included patients with very minimal depression. While this provided a range of depression
severity, this also makes the results difficult to compare with previous studies in the general
population where subjects were usually diagnosed with Major Depressive Disorder. Also, most
past studies have been conducted on unmedicated samples and around half of our subjects were
taking anti-depressant medication, which has been shown to alter, and sometimes normalize,
connectivity changes in this network. However, this allowed for interesting analyses comparing
these groups.
Furthermore, our sample was fairly old and had been diagnosed with MS for 20 years on
average, and so there could have been age-related brain changes in addition to those related to
MS. Therefore, these data are not necessarily applicable to younger, less chronic patients.
However, the depression groups did not differ on age and age did not correlate with depression
and so is not believed to have been a confounding factor. Lastly, our sample included patients
with several different course types, and course type is known to be related to the type and extent
of neuropathology. Again, this was analyzed directly and almost all relationships remained
significant after controlling for course-type.
While the MRI task used in the current study was modeled after a task frequently used in
the literature on depression and affective processing, the difference in complexity and difficulty
between the neutral and affective tasks makes the trial types difficult to compare directly, as
differences seen could have been due to this increased difficulty just as much as the influence of
emotional content. However, due to the nature of the current analyses no direct contrasts were
made between the two task types, which mostly alleviates this issue. Lastly, the use of selfreport depression and psychosocial measures, while shown to correlate with more rigorous
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clinical measures such as clinical interviews, are more subject to reporting biases and other
effects.

Future Directions
More studies are definitely needed to establish the reliability of these findings, including
examination of the same network in a depressed and non-depressed control group without MS,
and a clinically depressed MS group, as well as studies measuring connectivity during different
emotional tasks. Also, because of the exploratory nature of the GIMME program, quantitative
comparisons of different models are often not possible since models are usually not nested.
Therefore, this study often relied on qualitative comparisons. Future studies might use different
techniques to directly compare high and low depression group models as well as models for
different trial types and many other comparisons. Since this was the first study to test effective
connectivity in relation to depression in MS, we started with broader hypotheses. However, it is
known that the emotion regulation processes are more complicated than “bottom-up” or “topdown” processes, there are significant bidirectional influences, and emotional processes might
regulate and bias cognitive processes more so than vice versa (Ray & Zald, 2012). Therefore,
more nuanced studies of connectivity will be necessary. Also, while this study used a task with a
block-design, future studies using event-related designs could improve the temporal resolution
and also examine connectivity directly in relation to task performance or using a mood measure
that varies over the course of the task.
Furthermore, future studies are needed that combine neuropathology and structural
connectivity measures (e.g. DTI and lesion analysis) and fMRI activation measurements with
this type of connectivity modeling to more comprehensively test the etiology and consequences
of these connectivity differences. This could lead to stronger conclusions about effective or
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ineffective regulation processes in these individuals and the effect of hyperactive subcortical
regions. Furthermore, some studies have found that different negative emotions can have
specific effects on connectivity (Dima, Stephan, Roiser, Friston, & Frangou, 2011), and so
studies might only present sad faces, for instance, or have separate blocks for each type of
negative emotion to compare their effects.
ROI definition is always a challenging process and can influence results tremendously.
This study attempted to use a rigorous approach but it is possible that, due to cortical
reorganization known to occur in MS (Filippi & Rocca, 2009b), individual variability, or other
reasons, these regions were not functionally equivalent to those obtained from a review study on
the depressed general population. Future studies could use a data-driven or patient-specific
method of choosing regions shown to be active in MS patients, to be more confident of the
location of ROIs for each individual. Also, normalization is perpetually a difficult step,
especially in neurological populations, and a template specific to MS populations, ideally of
similar age, could lead to less alteration of raw subject data. Furthermore, studies should also
focus on determining whether connectivity changes are more related to current depression
symptomatology (state effects) or underlying risk for depression (trait effects), by examining MS
patients with a personal or family history of depression or other risk factors. Since all patients
with MS can be considered at risk for depression, and since all MS patients should be expected
to have some altered connectivity, future work is necessary to determine whether altered
connectivity in this network is necessary or sufficient to cause depression.
With a greater number of subjects, more work could be conducted on subgroups of
depressed patients, such as those with more vegetative depression or those with a family history
of depression or different depression treatment histories. And future studies should test if similar
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connectivity differences are seen in MS patients with more severe depression, especially
diagnosed MDD. Specificity studies would also help to ensure that connectivity in this frontalsubcortical network is uniquely related to depression as opposed to connectivity in other welldescribed networks. Studies might also consider controlling for anxiety as activation and
connectivity differences in this network have been found to be related to anxiety as well.
Different psychosocial factors could also be analyzed as potential moderators, such as more
acute negative life events and different measures of stress. Finally, different investigators have
suggested different ways of subdividing these regions, such as Stein (2007) who suggested a
ventral stream including the sgACC and OFC and a dorsal stream including cortical areas, and so
different analyses could be done looking at connectivity between these alternate groups of
regions.
Overall, several connectivity measures were found to relate to depression symptoms. On
the individual level, fewer subcortical to cortical paths were associated with depression during
affective trials, and more cortical to subcortical paths during neutral trials. When comparing
high versus low depression group models, the more depressed group had fewer connections
between the dlPFC and subcortical regions and fewer cortical to subcortical paths during
affective trials. During neutral trials the high depression group had fewer paths between cortical
subcortical paths, fewer paths from cortical to subcortical paths, and increased sgACC-amygdala
connectivity. Furthermore, several of these connectivity measures interacted with psychosocial
variables to predict depression. For some interactions, lower connectivity in this network
interacted with higher stress to predict depression. However, for some measures, especially
during neutral trials, increased connectivity was associated with increased depression symptoms,
especially if associated with higher stressors.
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Appendix A: List of acronyms
ACC: anterior cingulate cortex
ALE: Activation Likelihood Estimation
BA: Brodmann’s Area
BDI-II: Beck Depression Inventory Second Edition
BDI-FS: Beck Depression Inventory Fast Screen
CFI: Comparative Fit Index
CMDI: Chicago Multiscale Depression Inventory
CNS: central nervous system
dlPFC: dorsolateral prefrontal cortex
DPRS: Depression Proneness Rating Scale
EDSS: Expanded Disability Status Scale
fMRI: functional magnetic resonance imaging
FOV: field of view
GIMME: Group Iterative Multiple Model Estimation
GM: gray matter
HUD: Hassles and Uplifts Difference score
HUS: Hassles and Uplifts Scale
lPFC: lateral prefrontal cortex
MCC: mid-cingulate cortex
MDD: Major Depressive Disorder
ME: Mood Evaluative
mFC: medial frontal cortex
MNI: Montreal Neurological Institute
MS: Multiple Sclerosis
NAGM: normal-appearing gray matter
NAWM: normal-appearing white matter
NNFI: Non-normed Fit Index
OFC: orbital frontal cortex
PFC: prefrontal cortex
pgACC: pregenual anterior cingulate cortex
PST: pallidostriatum
RMSEA: Root Mean Square Error of Approximation
ROI: region of interest
RR: relapsing-remitting
SEM: structural equation modeling
sgACC: subgenual cingulate
SP: secondary progressive
SPM: Statistical Parametric Mapping
SRMR: Standardized Root Mean Square Residual
SSQ: Social Support Questionnaire
SSRI: Selective Serotonin Reuptake Inhibitors
uSEM: unified structural equation modeling
vlPFC: ventrolateral prefrontal cortex
vmFC: ventromedial frontal cortex
WM: white matter

75

Appendix B
Chicago Multiscale Depression Inventory (CMDI)

Not at all
A Little
Moderately
Quite A Bit
Extremely

Not at all
A Little
Moderately
Quite A Bit
Extremely

The following items describe feelings or experiences people have. Read each item carefully.
Then circle the number of the phrase that best describes you during the past week, including
today. Circle only one number for each word. Try to answer every item.

1. sad……………
1 2 3 4 5
2. joyful…………… 1 2 3 4 5
3. unworthy………… 1 2 3 4 5
4. easily awakened… 1 2 3 4 5
5. inferior……………1 2 3 4 5

26. criticized….
27. fatigued….
28. forgetful….
29. capable….
30. dreary….

1
1
1
1
1

6. unable to pay
attention………… 1
7. glum…………… 1
8. exhausted…………1
9. woeful…………… 1
10. blue…………… 1

3
3
3
3
3

4
4
4
4
4

5
5
5
5
5

31. trouble falling….
asleep
32. grim….
33. rejected….
34. despairing….
35. happy….

1 2 3 4 5

2
2
2
2
2

1
1
1
1

2
2
2
2

3
3
3
3

4
4
4
4

5
5
5
5

11. worthless……… 1
12. unhappy………… 1
13. punished……… 1
14. tired…………… 1
15. sluggish……… 1

2
2
2
2
2

3
3
3
3
3

4
4
4
4
4

5
5
5
5
5

36. weak….
37. gloomy….
38. forgotten….
39. active….
40. sorrowful….

1
1
1
1
1

2
2
2
2
2

3
3
3
3
3

4
4
4
4
4

5
5
5
5
5

16. cheerless……
1
17. energetic……… 1
18. a failure……… 1
19. low…………… 1
20. loved…………… 1

2
2
2
2
2

3
3
3
3
3

4
4
4
4
4

5
5
5
5
5

41. somber….
42. useless….
43. miserable….
44. alert….
45. resented….

1
1
1
1
1

2
2
2
2
2

3
3
3
3
3

4
4
4
4
4

5
5
5
5
5

1 2 3 4 5

5
5
5
5
5

46. uninterested ….
in sex
47. unwanted….
48. peaceful….
49. restless….
50.deserted….

21. unable to
concentrate………1
22. poor appetite…… 1
23. despised……… 1
24. hated…………… 1
25. fitful sleep…… 1

2
2
2
2
2

3
3
3
3
3

4
4
4
4
4

1
1
1
1

2
2
2
2
2

2
2
2
2

3
3
3
3
3

3
3
3
3

4
4
4
4
4

4
4
4
4

5
5
5
5
5

5
5
5
5
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Appendix C
Depression Proneness Rating Scale (DPRS)
This questionnaire is concerned with your feelings and attitudes OVER THE PAST 2 YEARS.
Try and avoid being overly influenced by your present mood when making your estimate. For
each item, select the choice from the scale below that describes you best. Also try and consider
how you compare to the typical person your age. We realize that it is sometimes very difficult to
know how one’s feelings and attitudes compare with the feelings of others. For each item, just
do the best you can and circle the response that best applies to you.

1
much less
often

2

3

4

5

about the
same

6

7
much more
often

1. Compared to others, how often did you get depressed?
(over the past 2 years)

1 2 3 4 5 6 7

2. Compared to others, how long did your depressions last?
(over the past 2 years)

1 2 3 4 5 6 7

3. Compared to others, how deeply depressed did you become?
(over the past 2 years)

1 2 3 4 5 6 7

4. Compared to others, how often did you feel discouraged
about the future? (over the past 2 years)

1 2 3 4 5 6 7

5. Compared to others, how often did you feel distant or isolated
from people? (over the past 2 years)

1 2 3 4 5 6 7

6. Compared to others, how often did you see yourself as a failure?
(over the past 2 years)

1 2 3 4 5 6 7

7. Compared to others, how often did you feel guilty or unworthy?
(over the past 2 years)

1 2 3 4 5 6 7

8. Compared to others, how often did you have difficulty
concentrating or making decisions? (over the past 2 years)

1 2 3 4 5 6 7

9. Compared to others, how often did you feel tired and
lacking energy? (over the past 2 years)

1 2 3 4 5 6 7

10. Compared to others, how often did you feel disappointed
in yourself? (over the past 2 years)

1 2 3 4 5 6 7
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11. Compared to others, how often did you feel sad or blue?
(over the past 2 years)

1 2 3 4 5 6 7

12. Compared to others, how often did you think seriously about
Suicide? (over the past 2 years)

1 2 3 4 5 6 7

13. Compared to others, how often did you suffer from lack of
appetite? (over the past 2 years)

1 2 3 4 5 6 7

Please make sure you have answered all items—Thank you.
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Appendix D
Instructions and sample stimuli from Affective Task
“In this task, you will be choosing which picture on the bottom matches the target picture on top.
On some trials, you will be matching the pictures based on their shape. In other trials, you will
be matching the pictures based on their emotion. If the picture on the bottom left matches the
target picture, press the left trigger. If the picture on the bottom right matches the target picture,
press the right trigger. Please respond as quickly and accurately as you can. After you respond
there will be a delay.”

Sample neutral trial

Sample affective trial
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Appendix E
Correlation matrix of demographic and psychosocial variables with depression variables.

#

N=20

Age

Educ

EDSS

BDI-II
Total
SS

CMDI
total
SS

BDIFS
Total
SS
-.18
-.25
.43#
.89***

CMDI
ME
Avg SS

Dep. ME
Index
Score

DPRS

Hassles
sum

Uplifts
sum

Hassupl

SSQ num

SSQ sat
(N=19)

SSQ avg
(N=19)

-.27
-.29
.19
.78***

Dep.
Total
Index
Score
-.20
-.31
.31
.94***

Age
Educ
EDSS
BDI-II
Total
SS
CMDI
total SS
Dep.
Total
Index
Score
BDI-FS
Total
CMDI
ME avg
Dep.
ME
Index
Score
DPRS
Hassles
Uplifts
Hassupl
SSQ
num
SSQ sat
SSQ
numxsat

1

.25
1

.21
-.08
1

-.10
-.30
.42#
1

-.34
-.30
.03
.73***

-.29
-.30
.22
.87***

-.17
-.15
.10
.49*

-.16
-.32
.21
.52*

.05
.22
-.50*
-.49*

-.13
-.35
.51*
.67**

-.18
-.15
-.05
-.22

-.05
.20
-.12
-.21

-.26
-.17
-.06
-.07

1

.95***

.75***

.93***

.92***

.65**

.57**

-.54*

.75***

-.43#

-.44#

-.31

1

.87***

.88***

.95***

.61**

.58*

-.55*

.76***

-.35

-.36

-.21

1

.70**

.90***

.59**

.38

-.49*

.60**

-.13

-.15#

-.08

1

.94***

.47*

.45*

-.52*

.67**

-.46*

-.25

-.34

1

.56*

.45

-.56*

.69**

-.34

-.23

-.14

1

.46*
1

-.25
-.06
1

.46*
.61**
-.83***
1

-.07
.02
.44#
-.34

-.67**
-.20
.29
-.36

.00
.08
.32
-.22

1

.40#

1.0***

1

.48*
1

: p<.1, *: p<.05, **:p<.01, ***:p<.001. EDSS: Expanded Disability Status Scale, BDI-II Total SS: Beck Depression Inventory- Second edition Total Standard Score
relative to the current group; CMDI: Chicago Multiscale Depression Inventory; CMDI ME: CMDI Mood and Evaluative Average; DPRS: Depression Proneness Rating
Scale; SSQ: Social Support Questionnaire
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