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LAY ABSTRACT 

The characterization of brain changes in Major Depressive Disorder (MDD) has 

resulted in contradictory findings, and gaps in understanding how the brain 

changes in response to antidepressant treatment. This dissertation aims to 

characterize brain changes in MDD through a series of neuroimaging studies. 

Chapter 1 provides an introduction to MDD and brain changes in MDD. Chapter 

2 presents an examination of memory in treatment naïve patients with MDD. 

Chapter 3 presents a study of acute tryptophan depletion in midlife women 

receiving estrogen-based treatment on an emotional conflict task. Chapter 4 

examines unmedicated patients with MDD and healthy control participants on an 

emotional conflict task. Chapter 5 examines the effects of antidepressant 

treatment on performance on an emotional conflict task. Chapter 6 presents a case 

study of a patient with ventriculomegaly with mood and cognitive impairments. 

Chapter 7 summarizes the contributions of this research and discusses 

implications and future directions. 
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ABSTRACT 

The brain has the capacity to modify itself structurally and functionally, to adapt 

to novel circumstances. Adaptive changes in neural circuitry that become 

intransigent, such as continued hypervigilance after resolution of a threat 

situation, become maladaptive and may facilitate development of psychiatric 

disorders such as Major Depressive Disorder (MDD). Although MDD 

pathogenesis is unclear, hypothalamic-pituitary-adrenal axis dysregulation may 

facilitate the neuroplastic changes observed in MDD. Whether these neuroplastic 

changes facilitate the development of MDD or develop due to MDD remains 

unclear. The characterization of neuroplastic changes in MDD has resulted in 

sometimes contradictory findings. There are gaps in understanding the timing of 

neuroplastic changes in MDD, and how and when they are affected by 

antidepressant treatment. Characterization of neuroplasticity in MDD may 

uncover different phenotypes and aid in the discovery of a predictive biomarker of 

antidepressant treatment response. This dissertation presents the results of a series 

of neuroimaging studies. Chapter 1 provides an introduction to neuroplasticity and 

MDD. In Chapter 2 results of a study examining hippocampal memory function in 

treatment naïve patients with MDD are presented. Chapter 3 exhibits findings 

from a study examining effects of an acute tryptophan depletion paradigm in 

midlife women receiving estrogen-based treatment on an emotional conflict task. 

Chapter 4 discusses results from an examination of unmedicated patients with 
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MDD and healthy control participants on an emotional conflict task. Chapter 5 

presents longitudinal data of the sample from Chapter 4, and the effect of 8 weeks 

of treatment with antidepressant escitalopram on performance on an emotional 

conflict task. In Chapter 6 a case study is presented of a patient with long-standing 

overt ventriculomegaly, whose chief complaint was of mood and cognitive 

impairments. Chapter 7 summarizes the findings and contributions of this body of 

research and discusses clinical implications and future directions. 
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EPIGRAPH 

 

“The brain is a living mechanism, not a machine. In case of breakdown, it can 

substitute one of its parts for the function of another. But it has its limitations. It is 

subject to inexorable change with the passage of time.” 

– Wilder Penfield (1953). 

 

“Every man can, if he so desires, become the sculptor of his own brain.” 

– Santiago Ramon y Cajal (1955) 
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Chapter 1 

 

Introduction 

With the advent of advanced neuroimaging techniques, such as magnetic 

resonance imaging (MRI) it has become possible to quantify and qualify 

macroscopic neuroplastic changes in the brain. For the purposes of this 

dissertation, neuroplasticity is defined as the neural capacity for synaptic 

reorganization in response to new information, changing circumstances or 

experiences, an insult, (Ruiz et al., 2018) or physiological stress. The aim of this 

body of work is to broaden our current understanding of neuroplastic changes in 

patients with depression. 

Depression is the greatest contributor to the number of years lived with a 

disability (7.5%), and affects about 4.4% of the global population, which 

translates to about 322 million persons world-wide, and 48.6 million persons in 

the region of the Americas specifically (World Health Organization, 2017). In 

addition to this, depression also contributes to burden of ischemic heart disease 

and suicide (Ferrari et al., 2013).  

DSM-V Characterization of MDD 

The depressive disorders described in the Diagnostic and Statistical Manual of 

Mental Disorders, fifth edition (DSM-V) (American Psychiatric Association, 

2014) are characterized by either an irritable mood, a feeling of emptiness, or a 
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sad mood, along with alterations in cognition and somatic changes that interfere 

with the an individual’s competence and ability to complete activities of daily 

living. These different diagnoses exist along a continuum and can be 

differentiated from one another by means of assumed etiology, the time in life the 

disorder occurs, and the duration of the experience (American Psychiatric 

Association, 2014). The DSM-V (American Psychiatric Association, 2014) 

diagnostic criteria for MDD require a change from a preceding level of 

functioning to a situation in which the person experiences at least 5 of the 

following symptoms throughout the identical period of 2 weeks, one of which 

must be either a depressed mood nearly every day for the better part of the day, or 

feelings of anhedonia/a loss of pleasure or interest in most or all activities nearly 

every day for the better part of the day, and at least 4 of the following: repetitive 

suicidal ideation with or without a specific plan, or a suicide attempt, or incessant 

thoughts about death, either significant weight gain or weight loss if not following 

a diet, or an increased or diminished appetite almost every day, hypersomnia or 

insomnia almost every day, feelings of inappropriate or disproportionate guilt, or 

feelings of worthlessness on an almost daily basis, a psychomotor reduction or 

agitation on an almost daily basis, feelings of low energy or fatigue on most days, 

or indecisiveness, or reduced competence to concentrate or think almost every 

day. In addition to this, these symptoms interfere with activities of daily living 

including socially or occupationally, or these activities require a significantly 

greater effort to execute than usual, and the episode is not due to a medical 
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infirmity, or to a medication/substance. Taken together, these criteria comprise a 

major depressive episode (MDE). Further, a MDE must be the best explanation 

for the current situation after ruling out other types of mood disorders including 

disorders on the spectrum of schizophrenia, delusional disorders or psychotic 

disorders, and there has never been a hypomanic/manic episode (American 

Psychiatric Association, 2013).  

Depression Prevalence 

World-wide, there are sex differences in depression prevalence. Prevalence is 

higher in females (5.1%) compared to males (3.6%) (World Health Organization, 

2017). In the 2012 Canadian population, across age groups between 15 and 64 

years, prevalence was higher in females (5.8%), than in males (3.6%), with rates 

between the sexes becoming comparable at age 65 and older (Pearson et al., 

2013). The Canadian lifetime prevalence rate for depression is 11.2%, with 

females at twice the lifetime risk of developing MDD, compared to males (Odds 

Ratio (OR) = 1.8) (Knoll & MacLennan, 2017). Prior to puberty, females may be 

similarly or less prone to developing depression, than males (Cyranowski et al., 

2000). A disproportionate prevalence of depression between males and females 

first emerges after menarche (Weller et al., 2006) between the ages of 11 and 13 

(Cyranowski et al., 2000) and diminishes subsequent to menopause (Pearson et 

al., 2013). However, a recent epidemiological study suggests that the sex 

difference in MDD prevalence persists beyond the age of 60 years (Girgus et al., 

2017).  
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Greater Prevalence of Depression in Women 

Socioeconomic risk factors for MDD include having less education, less material 

resources, female sex, unemployment, or being widowed/divorced (Rai et al., 

2013). A number of socioeconomic factors have been associated with increased 

vulnerability for depression in females including poverty (Simmons et al., 2008), 

greater exposure to childhood sexual abuse, violence against women and girls, 

and gender discrimination (Kuehner, 2017). 

The increased propensity for women to develop a mood disorder may be 

associated, in part, with periods of fluctuation in gonadal hormones across the 

lifespan, sometimes referred to as windows of vulnerability (Soares & Zitek, 

2008; Steiner, 2003). Fluctuations in the hormonal milieu during the reproductive 

years may occur in the menstrual cycle in the luteal phase (Hantsoo & Epperson, 

2015), as well as postpartum (Marcus, 2009), and in the transition to menopause 

(Bromberger & Epperson, 2018).  

Considering the menopausal transition, risk for experiencing depression is 

lower prior to menopause and increases in perimenopause and early 

postmenopause (Bromberger et al., 2011; Cohen et al., 2006). Women with no 

lifetime history of MDD have a 28% greater risk of developing depression during 

the menopause transition, while this risk is almost doubled (59%) in women with 

a lifetime history of MDD (Bromberger et al., 2015). Risk is also increased in 

women with a past history of severe premenstrual mood symptoms or who are 

experiencing hot flashes, or poor sleep in perimenopause (Freeman et al., 2004). 
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Nevertheless, it is likely that these fluctuations are not the sole cause of mood 

disorders or premenstrual syndromes (Rubinow et al., 1988). A more likely 

explanation is that a subset of females is more vulnerable to natural fluctuations in 

the sex hormone milieu (Bloch et al., 2000; Freeman et al., 2004; Frey & Soares, 

2009) or that they experience more extreme variability in the these fluctuations 

around a woman’s own average range (Freeman et al., 2006).  

Establishing a Diagnosis of MDD  

An MDD diagnosis takes into account whether the patient is experiencing a single 

or recurrent MDE, how severe the MDE is (as determined by number of 

symptoms in addition to the minimum 5), whether or not there are features of 

psychosis, and the remission status (remission defined as ≥ 2 consecutive months 

between different episodes in which the patient does not reach the criteria for an 

MDE) (American Psychiatric Association, 2013). 

Depression Course 

MDD emergence, phenomenology and treatment response, does not differ by sex 

(American Psychiatric Association, 2014). Risk of onset is greatly increased at the 

time of puberty, and children with MDD may present with irritability rather than 

sadness (American Psychiatric Association, 2014). With respect to treatment 

response, pediatric samples benefit from treatment with selective serotonin 

reuptake inhibitors (SSRI) over placebo and greatest response is observed early in 

the treatment course, although pediatric populations experience a diminished 

benefit in response to SSRI as compared to adult patients with MDD (Varigonda 
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et al., 2015; Vitiello & Ordonez, 2016). In addition to this, pediatric populations 

appear to respond best to SSRI fluoxetine (Cipriani et al., 2016; Vitiello & 

Ordonez, 2016).  

The natural course of MDD varies. Up to half of patients will experience a 

brief MDE (Lam et al., 2016a) with a median recovery rate of 3 months, with up 

to 20% of patients experiencing an MDE duration of ≥2 years (Eaton et al., 1997; 

Spijker et al., 2002).  

Remission is defined as ≥2 months with either no symptoms or up to two 

symptoms mild in severity (American Psychiatric Association, 2013). Compared 

to patients that achieve full remission, partially remitting patients have an 

increased likelihood of MDE recurrence or relapse, as do patients with residual 

mild symptoms (Paykel, 2008; Paykel et al., 1995).  

Cognitive Impairment in Depression 

The majority of treatments for MDD address mood symptoms, while failing to 

adequately target impairments in higher order cognitive function, which may 

contribute to the failure to reach full remission in some patients (Shilyansky et al., 

2016; Zuckerman et al., 2018). Cognitive impairment often persists beyond 

amelioration of mood symptoms (Hammar & Ardal, 2009; Hasselbalch et al., 

2011; Ladegaard et al., 2016; Rock et al., 2014). Improvements in cognition may 

play an important role in helping patients reach full remission (Harmer & Cowen, 

2013; Harmer et al., 2017; Jaeger et al., 2006). A negative bias in processing 

information in MDD related to regular social and emotional situations and 
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interactions (Bouhuys et al., 1999; Bourke et al., 2010; Gotlib et al., 2011; 

Stuhrmann et al., 2011) may contribute to the development of depressive 

symptomatology (Gotlib & Joormann, 2010; Harmer et al., 2017). This negative 

bias may serve to maintain negative cognitions associated with depression such as 

the tendency to focus on negative information or the tendency to recall less 

positive information about the self (Gotlib & Joormann, 2010; Roiser & Sahakian, 

2013). Some research suggests that analysis of neural responding to processing of 

negative stimuli may be helpful in identifying individuals in whom this may 

indicate a vulnerability for developing depression or indicating which patients 

with MDD may respond best to a selected treatment (Roiser & Sahakian, 2013). 

Some reports suggest that improvements in emotional information processing 

facilitate improvements in mood in MDD (Harmer & Cowen, 2013; Tranter et al., 

2009). Thus, residual, or persistent cognitive impairment may be a contributing 

factor for future relapse (Inoue et al., 2006; Maeshima et al., 2016).  

Cognitive impairments experienced during an acute MDE may include 

impairments of attention and concentration (Rock et al., 2014; Shilyansky et al., 

2016), memory (Dillon & Pizzagalli, 2018; Hickie et al., 2005; Rock et al., 2014; 

Shilyansky et al., 2016), psychomotor speed (Bennabi et al., 2013), executive 

functioning (Rock et al., 2014; Shilyansky et al., 2016), and social cognition 

(Ladegaard et al., 2016) including emotion recognition (Dalili et al., 2015). 

Given the clinical implications of association between psychosocial 

functioning and higher-order cognitive functioning in MDD (Hammar & Ardal, 
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2009; Jaeger et al., 2006; Lam et al., 2014) identifying, quantifying, and 

minimizing cognitive deficits may play an important role in assisting patients on 

the path to remission (McIntyre & Lee, 2016; Rock et al., 2014) and the road to 

regaining premorbid levels of functioning (Kennedy, 2002). 

Depression and Comorbidity 

MDD is often a comorbidity of chronic illness, diminishing health-related quality 

of life (Egede & Hernández-Tejada, 2013; Ishak et al., 2014; Raab et al., 2015). 

Depression increases risk for a number of serious chronic diseases including 

diabetes, cancer, stroke, and heart disease (Voinov et al., 2013), and may be 

considered a mortality risk factor on par with smoking (Mykletun et al., 2009).  

Socioeconomic Factors, Health-Related Quality of Life, and Depression 

Patients with depression also experience lower income, diminished level of 

functioning in relationships and social interactions, and impaired capacity to 

perform at work (Kessler, 2012; Scheele et al., 2013). Finally, and not least 

importantly, there is a significant reduction in health-related quality of life in 

patients with MDD, which is independently associated with both depressive 

symptom severity, level of functioning/disability, age, and degree of cognitive 

impairment, even up to two years post treatment initiation or treatment alterations 

(Ishak et al., 2013; Saragoussi et al., 2018).  

Depression Remission and Recurrence 

A cure for MDD remains elusive. Treatments currently available may help to 

alleviate symptom severity while an MDE runs its course, and to prevent 
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recurrence (Geddes et al., 2003). The mean response to placebo in trials of 

antidepressants is in the range of 35-40% (Furukawa et al., 2016; Furukawa et al., 

2018), and may stem at least in part, from spontaneous remission rates (Cipriani et 

al., 2018). However, antidepressant treatment is still more effective than treatment 

with placebo (Cipriani et al., 2018). Remission to interventions with SNRI or 

SSRI antidepressants is in the range of 56-71% (Novick et al., 2017).  

MDD is episodic in nature (Solomon et al., 2000). A population-based 

prospective cohort with a follow up period of 23 study found that 50% of patients 

recovered and did not experience another MDE during the study observation 

period, 35% experienced recurrent MDD and 15% of patients unremitting MDD 

(Eaton et al., 2008). Across the lifespan, patients with recurrent MDD may 

experience between five (Kessler & Walters, 1998) and nine (Kessler et al., 1997) 

MDEs.  

Treatment Resistant Depression 

In Canada, prevalence of treatment resistant depression in primary care, defined 

as non-response to two antidepressant treatments from different classes, is 21.7%, 

and does not differ across sexes (Rizvi et al., 2014). The indirect and direct costs 

of treatment resistant depression are estimated to be 50% greater than for patients 

that respond to antidepressant treatment, perhaps in part due to longer episode 

duration, or increased number of treatment steps required for this patient group to 

find a treatment that will provide symptom relief (Ivanova et al., 2010).  
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CANMAT Depression Treatment Guidelines 

The Canadian Network for Mood and Anxiety Treatments (CANMAT) 

2016 clinical guidelines for treatment of MDD in adults recommends treatments 

for mild depression include psychological education, psychological therapy, and 

self-management (Kennedy et al., 2016). Recommendations for patients with 

moderate to severe MDD include SSRIs, serotonin and noradrenaline reuptake 

inhibitors (SNRI), tricyclic antidepressants (TCA), monoamine oxidase (MAO) 

inhibitors, melatonin receptor agonists, a-adrenergic agonists, and serotonin 

receptor agonists and antagonists, noradrenaline and dopamine reuptake 

inhibitors, to name a few, as well as options for adjunctive treatment (Kennedy et 

al., 2016). In addition, psychological treatments including behavioural activation, 

interpersonal therapy or cognitive behavioural therapy, or mindfulness-based 

cognitive therapy, or combined cognitive behavioural therapy and interpersonal 

therapy with pharmacotherapy may also be options (Kennedy et al., 2016). 

Neurostimulation treatment options are recommended for patients with treatment-

resistant MDD and include transcranial direct current stimulation as a first line 

recommendation, and second line recommendation of electroconvulsive therapy 

(Milev et al., 2016). 

A criticism of current pharmacotherapy options for MDD is that subjective 

changes in symptom severity are often not experienced until ≥ 2 weeks after 

treatment begin (Kennedy et al., 2016; Liu et al., 2017). Current guidelines 

indicate that early improvements measured within the first 2 to 4 weeks of 
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treatment begin correlate with response/remission at 6 to 12 weeks, suggesting an 

extended period of time for antidepressant medications to reach their full 

treatment potential (Kennedy et al., 2016). Maintaining this treatment regimen 

through remission into a maintenance cycle reduces the risk for relapse, but in 

some patients experiencing recurrent MDEs, antidepressant treatment may 

become increasingly less effective (Kaymaz et al., 2008). 

CANMAT recommendations for women experiencing perimenopausal 

depression include first line recommendations of SNRI (desvenlafaxine) or 

cognitive behavioural therapy, and second line recommendations of transdermal 

estradiol (with concomitant progesterone for women with intact uterus), or SSRI 

(citalopram or escitalopram), SNRI (duloxetine or venlafaxine XR), or 

noradrenergic and specific serotonergic antidepressant (mirtazapine), or atypical 

antipsychotic (quetiapine XR) (MacQueen et al., 2016). 

More recently, the North American Menopause Society (NAMS) 

recommendation for women experiencing an MDE in perimenopause suggests 

prescribing of proven first line treatments including CBT or other psychotherapy 

options or antidepressant medication including SSRI and SNRI options (Maki et 

al., 2018). From a treatment efficacy perspective, NAMS guidelines report that 

only SNRI desvenlafaxine has been examined in a placebo-controlled large 

randomized trial of perimenopausal and postmenopausal women. NAMS does not 

recommend estrogen treatment for mood disorders in perimenopause or 

postmenopause. 
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Social and Economic Burden of Depression 

Depression places a significant burden on both the healthcare system, patients, 

their caregivers, and the economy, accounting for 33% of total cost for brain 

disorders in Europe which corresponds to 1% of gross domestic product for the 

entire European economy (Sobocki et al., 2006). The excess healthcare costs 

associated with Major Depressive Disorder (MDD) in Ontario, Canada, at a 

conservative estimate is $709 per capita (excluding costs associated with drugs, 

emergency department visits, laboratory tests, or non-physician or hospital-based 

services) (Chiu et al., 2017). There are also significant economic burdens attached 

to employee absences, presenteeism, and lost productivity at work (Chow et al., 

2019; Stewart et al., 2003). 

Treatment Response Biomarkers in Depression 

A reliable biomarker for predicting treatment response in MDD remains elusive. 

Studies have examined the possibility of finding a treatment response prediction 

algorithm with the help of machine learning incorporating genetic, demographic 

and symptom severity information (Lin et al., 2018) or incorporating 

neuroimaging information (Gao et al., 2018). The Canadian Biomarker 

Integration Network in Depression (CAN-BIND) is a research consortium that is 

hoping to find indicators or predictors for MDD treatment response by examining 

a combination of molecular, genetic, cognitive, demographic, social, and 

neuroimaging information (www.canbind.ca; Lam et al., 2016b). Chapters 4 and 5 

refer to data collected as part of the CAN-BIND initiative.  
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Magnetic Resonance Imaging for Identifying Neuroplasticity in MDD 

MRI is a non-invasive method of imaging that produces three dimensional images 

of the brain, that are useful for imaging functional and structural neuroplasticity in 

the brain. The brain and spinal cord are made of 73% water (H20) (Mitchell et al., 

1945), and MRI exploits the magnetic properties of the hydrogen atoms that 

comprise water. Hydrogen protons possess spin, a quantum mechanical property, 

that can be oriented in different directions and is akin to a small rotating magnet, 

similar to the earth rotating on its axis, with a north and a south pole (Berger, 

2002; Logothetis, 2008). When an externally applied magnetic field (B0) is 

brought to bear on the usually randomly oriented spins, such as when the body is 

moved into an MRI scanner, the spins, like the wobbling motion of a spinning top, 

will wobble or precess longitudinally around the magnetic field’s axis (Berger, 

2002; Logothetis, 2008). As more energy is required to align antiparallel to the 

externally applied magnetic field, compared to aligning parallel to the magnetic 

field, overall there is a summed excess of spins in parallel alignment with the 

magnetic field, and this summed system of spins results in a magnetization vector 

(Berger, 2002; Logothetis, 2008). However, magnetic resonance due to the 

difference in parallel and antiparallel alignment is low at 1.5 Tesla (about one in 

10,000,000) (Logothetis, 2008). The Larmor frequency is the rate at which spins 

precess, and is expressed as ! = 	$%& where precession frequency is determined 

by the gyromagnetic ratio or how quickly the proton is spinning (expressed in 

MHz), multiplied by the strength of the magnetic field by (expressed in Tesla) 
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(Logothetis, 2008). At 3 Tesla, the Larmor frequency for hydrogen is 127.74 MHz 

Magnetic resonance occurs when a magnetization vector is exposed to a 

radiofrequency (RF) pulse (B1) created by sending alternating current through an 

RF coil (Elster, 2018b) at or near the Larmor frequency, causing the 

magnetization vector to deviate from its previous position at magnetization 

equilibrium, by 90 degrees, into the transverse plane (Logothetis, 2008). A 

radiofrequency receiver coil can then detect the magnetization emitted while the 

magnetization vector is in the transverse plane (Logothetis, 2008). After the RF 

pulse, protons return to their orientation along the magnetization vector of B0, a 

process called relaxation, and as they do so the signal released decays as they 

return to realign with B0 (Berger, 2002; Logothetis, 2008). Depending on the type 

of matter (grey matter, white matter, CSF or blood vessels), relaxation rates differ, 

and the differences in these relaxation rates form the foundation for constructing 

image contrast (Logothetis, 2008). 

When activity in a region of the brain increases, the regional cerebral 

blood flowing through that region increases, as does glucose utilization, to restore 

oxygen that has been consumed due to cell activity, and this change in the ratio of 

oxygenated to deoxygenated blood concentration is called the blood oxygen level 

dependent (BOLD) signal (Logothetis, 2008; Poldrack et al., 2012). Task-based 

functional MRI (fMRI) is reliant on the hemoglobin in the red blood cells. 

Deoxygenated blood is paramagnetic and emits a quantifiable additive magnetic 

field, with four of six outer electrons being unpaired, the iron is in a high spin 
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state (Logothetis, 2008). Conversely, in oxygenated blood the heme iron receives 

the electrons from the oxygen and is thus in a low-spin state and is diamagnetic, 

which means that it weakly deflects the magnetic field that has been applied 

(Logothetis, 2008). In response to neural activity, regional cerebral blood flow 

increases, supplying more oxygenated blood than the metabolic oxygen 

consumption rate requires (Elster, 2018a; Fox & Raichle, 1986). This results in an 

overabundance of oxygenated blood, increasing the ratio of oxygenated to 

deoxygenated blood, and increased BOLD signal in response to neural activity 

(Elster, 2018a; Fox & Raichle, 1986). Thus, the BOLD signal is dependent on a 

combination of cerebral blood volume, cerebral blood flow, and cerebral 

metabolic rate of oxygen (Jorge et al., 2018; Logothetis, 2003). Neural activation 

in response to task-based paradigms is most often observed as a positive BOLD 

response (Jorge et al., 2018). 

Task-based fMRI measures neural activity on a macroscopic level, and 

corresponds to activity changes in neuronal populations that are correlated with 

local field potentials, which suggests that activity detected is a combination of 

input that is arriving and being processed locally, as opposed to measuring spiking 

activity (Logothetis, 2003). Thus, the BOLD activity will likely correlate with 

pre- and postsynaptic currents and release of neurotransmitters and less with 

single unit activity (Logothetis, 2003). The advent of task-based fMRI has 

allowed the examination of localized functional neuroplasticity and how it may 
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change as a function of disease progression and in response to antidepressant 

treatment. 

Diagnostic Biomarkers for Depression 

As yet no biomarker has been discovered that has sufficient specificity or 

sensitivity to be used to determine a definitive diagnosis of MDD, in spite of 

wide-ranging research describing physiological features and symptoms associated 

with this diagnosis (American Psychiatric Association, 2013). In the current 

context, a biomarker may be defined as “a biological observation that substitutes 

for and ideally predicts a clinically relevant endpoint or intermediate outcome that 

is more difficult to observe” and “should be measurable with little or no 

variability, should have a sizeable signal to noise ratio, and should change 

promptly and reliably in response to changes in the condition or its therapy” 

(Aronson & Ferner, 2017). Currently, one of the best measures for identifying 

MDD and measuring severity of depressive symptoms is a paper and pencil test – 

the Patient Health Questionnaire-9 (PHQ-9), which has a sensitivity of 88% and 

specificity of 88% for major depression (Kroenke et al., 2001). 

The range of recommended pharmacotherapy options makes clear that a 

number of different neurotransmitter systems are implicated in the development 

of MDD symptomatology. This suggests that all these treatments may have 

differential effects at varying points on a cascade that creates either a vulnerability 

for or contributes to the pathogenesis of MDD (Liu et al., 2017). Nevertheless, a 

diagnostic biomarker for MDD remains elusive. Early theories positing decreased 
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synaptic concentrations of monoamines underlying the pathogenesis of MDD 

relied on extrapolating from successful treatment of MDD with medications that 

increased synaptic availability of monoamines. These monoamine theories of 

MDD have been discounted as too simplistic, as they fail to address the latency in 

medication response, and do not account for the many patients that do not respond 

to treatment with antidepressants (Boku et al., 2018; Racagni & Popoli, 2008).  

The Role of Stress in the Pathogenesis of Depression 

An expanding body of research in MDD has focused on involvement of the 

dysregulation of the hypothalamic-pituitary-adrenal (HPA) axis in the 

development of the pathogenesis of MDD (Menke, 2019) as well as in 

development of MDD in perimenopause (Gordon et al., 2015). A further related 

hypothesis is the neuroplasticity hypothesis of depression (Boku et al., 2018; 

Racagni & Popoli, 2008), which posits that the derogatory effects of 

glucocorticoids on neuronal proliferation alters neural morphology and 

functioning, which can be positively influenced by beneficial effects of brain-

derived neurotrophic factor (BDNF) on neural dendrites and spines when 

antidepressant treatment is initiated in MDD.  

The neurobiological response to psychological or physical stress is 

mediated, at least to some degree, by the HPA axis. A history of early life stress 

increases the risk for MDD (Bjorkenstam et al., 2017), as does recent life stress 

(Stegenga et al., 2012), indicating that stress may be an important component in 

MDD pathogenesis (Liu et al., 2017). Dillon and Pizzagalli (Dillon & Pizzagalli, 
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2018) have postulated that there is a three-fold effect of physiological stress on 

processes involved in memory consolidation and retrieval in MDD: suppression 

of neurogenesis in the hippocampus which leads to impairment in pattern 

separation and results in impaired memory recollection; inhibition of 

dopaminergic neurons in the substantia nigra and ventral tegmental area which 

leads to a reduction in the strength of dopaminergic reward responding, and thus 

corresponds to impaired encoding and consolidation of positive information; and 

sensitization of the amygdala, leading to exaggerated amygdala responding, which 

may result in greater retrieval of negative memories (Dillon & Pizzagalli, 2018). 

Studies in MDD report increased cortisol levels (Burke et al., 2005; 

Cubala & Landowski, 2014; Islam et al., 2018) and hyperactivity of the HPA axis 

(Pariante & Miller, 2001; Vreeburg et al., 2009) in patients with MDD, compared 

to healthy control participants. When a threat is perceived, activation of the HPA 

axis occurs (Raabe & Spengler, 2013). Engagement of the HPA axis results in the 

release of glucocorticoids that modulate metabolic functions such as liberation of 

energy stores and pro-inflammatory responding (Sapolsky, 2000a). The 

hippocampus, an integral part of the glucocorticoid negative feedback circuitry of 

the HPA axis (Jacobson & Sapolsky, 1991), contains a large concentration of 

glucocorticoid receptors (De Kloet et al., 1998). Glucocorticoids and stress cause 

an increase in excitatory amino acids, such as glutamate, in the hippocampal 

synapse (Sapolsky, 2000b), which can cause glucocorticoid induced atrophy of 

dendritic processes, which has been correlated with impairment of explicit 
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memory (Sapolsky, 2000a). In turn, increased hippocampal concentrations of 

glutamate can reduce neurogenesis in the dentate gyrus by activation of N-methyl-

D-aspartate (NMDA) receptors (Cameron et al., 1995), and disrupt glucose 

transport and metabolism (Sapolsky, 2000b). Prolonged or chronic exposure to 

increased concentrations of glucocorticoids can disrupt hippocampal functioning 

(Diamond et al., 2006) and ultimately result in decreases in hippocampal volume 

(McEwen, 2000; McEwen & Sapolsky, 1995) and medial prefrontal cortex 

(Willner et al., 2013). Decreased neuroplasticity related to stress mediated by 

increased remodeling of dendrites, loss of glial cells/increased excitotoxicity, and 

decreased neurogenesis could result in disruptions in frontotemporal circuitry, 

decreased hippocampal volume, and greater vulnerability to further MDE 

(McEwen, 1999; Pittenger & Duman, 2008).  

Stress in MDD has been linked with decreases in volume in both medial 

prefrontal cortex and hippocampus, which are markers of MDD illness 

progression (Belleau et al., 2019; Treadway et al., 2015). The hippocampus, a 

structure sensitive to stress, may be involved in the pathogenesis of MDD. While 

a large multi-site study found no differences in hippocampal volume between 

healthy comparison participants and patients with first episode MDD (Schmaal et 

al., 2015), patients with a longer illness duration present with smaller 

hippocampal volumes (McKinnon et al., 2009) as do patients with multiple 

episodes of MDD (McKinnon et al., 2009; Schmaal et al., 2015; Videbech & 

Ravnkilde, 2004), in comparison to healthy participants. The relationship between 
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illness duration and hippocampal volume may be logarithmic, and indicates that 

reductions in hippocampal volume may occur at the start of the disease process 

but not necessarily prior to the development of the first episode of MDD 

(MacQueen et al., 2003). Nevertheless, some studies have reported no differences 

in hippocampal volume in MDD (Greenberg et al., 2008; Phillips et al., 2015). In 

the interim, development of software for automated tissue segmentation has 

allowed for the analysis of substructures of subcortical regions, including the 

hippocampus (Fischl et al., 2002). A recent study observed bilateral volume 

reductions in hippocampal subdivisions including the cornu ammonis (CA) (CA2-

CA4), subiculum, and the dentate gyrus, in patients with MDD, compared to 

comparison participants, with more marked reductions in left hippocampus 

including more prominent reductions in left CA1 in patients with longer MDD 

duration, compared to healthy comparison participants, and patients with a first 

episode of MDD (Roddy et al., 2019). These findings are important for several 

reasons. Disruption of information transmission through CA substructures of 

hippocampus may modify processing of sensory and emotional information 

transmitted through these structures (Roddy et al., 2019). The trisynaptic circuit 

involves transmission of information through three excitatory glutamatergic 

synapses from layer II of entorhinal cortex à dentate gyrus à CA3 à CA1 

(Stepan et al., 2015). The trisynaptic circuit has been implicated in adult 

neurogenesis (Schoenfeld et al., 2017). Disruption of the trisynaptic circuit may 

contribute to impaired processing of sensory and emotional information and thus 
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contribute to the evolution of symptoms involved in MDD pathogenesis (Roddy et 

al., 2019). Studies have shown that dentate gyrus and hippocampal CA 

substructures have been implicated in the effects of stress in depression (Adam 

Samuels et al., 2015; Samuels & Hen, 2011). Further, a variety of serotonin 

receptors are represented in CA1 (Berumen et al., 2012), and impaired limbic 

serotonergic neurotransmission could occur as a result of disruptions in CA1 

functioning, or having a large representation of serotonergic receptor subtypes 

makes CA1 vulnerable to imbalances in the serotonergic system (Roddy et al., 

2019). Extended exposure of animals to corticosteroids diminishes serotonergic 

responding in CA1 (Karten et al., 1999). Extended exposure to cortisol in humans 

could result in disruptions to the serotonergic system and corresponding reduction 

in volume in CA1 in the hippocampus (Roddy et al., 2019), and compared to 

healthy comparisons participants, patients with MDD demonstrate lower levels of 

hippocampal serotonin receptor 1A messenger ribonucleic acid levels (López-

Figueroa et al., 2004). However, meta-analyses report no significant differences in 

serotonin reuptake sites in medial prefrontal cortex (Gryglewski et al., 2014) or in 

serotonin transporters in hippocampus (Gryglewski et al., 2014)in patients with 

MDD compared to healthy control participants. 

Neuroplasticity in Depression 

Neuroplasticity may be defined as the capacity of the brain to make modifications 

to adapt to novel circumstances (Demarin et al., 2014). Neuroplasticity may occur 

in response to stress, and abnormal neuroplastic alterations in the brain may be a 
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causal factor in psychiatric disorders, such as MDD (Liu et al., 2017). There are 

three pillars supporting the neuroplasticity hypothesis of depression (Liu et al., 

2017). The first is the neuroplastic changes documented in hippocampus and 

prefrontal cortex in patients with MDD, that result in reduced volume (Koolschijn 

et al., 2009; Roddy et al., 2019), histological changes (Cobb et al., 2013; Cotter et 

al., 2002), and functional impairments (Campbell & MacQueen, 2004; Snyder, 

2013) in these structures. Further supporting evidence includes reduced peripheral 

concentrations of BDNF in individuals with MDD compared to healthy 

comparison participants (Kishi et al., 2018). BDNF is important for maintaining 

neuronal health, differentiation and regulating synaptic plasticity (Anderson, 

1998). Finally, electroconvulsive therapy, conventional antidepressant drugs, and 

N-methyl-D-aspartate (NMDA) receptor agonist ketamine, have been shown to 

effect change by elevating serum concentrations of BDNF (Bjorkholm & 

Monteggia, 2016). Successful response to antidepressants is also associated with 

increased volume in hippocampus (Dusi et al., 2015; Frodl et al., 2008) and in 

prefrontal cortex (Dusi et al., 2015), and alters functional neuroplasticity in 

hippocampus and prefrontal cortex (Wessa & Lois, 2015). 

This dissertation aims to further characterize what is known about 

neuroplasticity in MDD in a selection of patient groups experiencing depression. 

Changes in hippocampal volume have been observed in MDD (McKinnon et al., 

2009; Roddy et al., 2019; Schmaal et al., 2015; Videbech & Ravnkilde, 2004). 

While there is some debate as to whether these changes precede MDD or occur as 
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a result of MDD (Schmaal et al., 2015), these changes may be associated with 

alterations in hippocampal-dependent memory in patients with recurrent 

depression, including during the euthymic phase (Campbell & MacQueen, 2004). 

Antidepressant treatment has been shown to increase hippocampal volume in 

patients with MDD (Dusi et al., 2015; Frodl et al., 2008). Observations of an 

increase in hippocampal volume in the first stages of antidepressant treatment in 

MDD patients that are medication naïve, may be associated with clinical response, 

and further bolsters the theory that hippocampal neuroplasticity is important in 

mediating the antidepressant treatment response in MDD (Fu et al., 2015). There 

is some evidence that hippocampal function in patients with MDD may be altered 

before changes in volume are observed (MacQueen et al., 2003), and a number of 

studies have reported impairment in hippocampal-dependent memory in patients 

with MDD (MacQueen et al., 2002; Zakzanis et al., 1998). Chapter 2 discusses 

patterns of alterations in hippocampal functioning with preserved cognitive 

performance in patients with MDD that have received antidepressant treatment for 

MDD, completing a hippocampus-dependent process-dissociation memory task. 

Thus, this chapter will address hippocampal functioning in patients with MDD 

early in the disease process, and prior to starting antidepressant treatment. 

Heightened risk of developing MDD has been observed in some midlife 

women in the menopausal transition (Bromberger et al., 2015), and the 

menopausal transition is characterized by increased symptoms of depression 

(Santoro, 2016). Hormone therapy (HT) is the standard treatment for menopausal 
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symptoms including vasomotor, and genitourinary symptoms (The NAMS 2017 

Hormone Therapy Position Statement Advisory Panel, 2017). In addition to 

quelling these symptoms, perimenopausal women receiving treatment with 

transdermal 17 b Estradiol also report fewer depressive symptoms (Gordon & 

Girdler, 2014; Schmidt et al., 2000; Soares et al., 2001), and a recent study has 

demonstrated promising results that HT may ameliorate the risk for developing 

depressive symptoms in perimenopausal women (Gordon et al., 2018). Estrogen 

therapy may decrease mood symptoms by exerting modulatory effects on 

serotonin, a neurotransmitter important for cognition and mood (Lokuge et al., 

2011). We sought to characterize the modulatory effect of estrogen therapy on 

mood and functional neural activity through the interaction of estrogen with the 

serotonergic system, by employing an acute tryptophan depletion paradigm. This 

paradigm reduces availability of the amino acid tryptophan, the rate-limiting 

precursor for serotonin production (Fernstrom et al., 2013; Richard et al., 2009; 

Schaechter & Wurtman, 1990), and therefore reduces neural serotonin levels. 

Chapter 3 introduces results from this fMRI acute tryptophan depletion study 

using an emotional conflict task that examine changes in mood and functional 

neural activity in emotional information processing in a group of perimenopausal 

women receiving treatment with estrogen.  

Chapter 4 characterizes and compares behavioural and functional neural 

activity in patients with MDD prior to treatment begin, via a series of cognitive 

tasks and an fMRI emotional information processing task.  
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In Chapter 5, this same group of participants is further divided into 

patients with MDD who reach remission after 8 weeks of treatment with 

escitalopram, patients who reach remission after 16 weeks of treatment with a 

combination of escitalopram and adjunctive aripiprazole, and patients who do not 

reach remission after 16 weeks of treatment with escitalopram plus adjunctive 

aripiprazole. The behavioural and neural activity of these three groups of 

participants with MDD on an emotional conflict task is characterized and 

compared at baseline and after 8 weeks of treatment.  

Chapter 6 presents results of a volumetric MRI analysis of a patient with 

severe ventriculomegaly presenting with primarily depressive mood symptoms.  

Chapter 7 provides a discussion of the strengths and weaknesses of each of 

these studies, explains the significance of this body of research, and offers future 

directions.  
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Abstract 

Objective: The hippocampus is implicated in the pathophysiology of major 

depressive disorder, with evidence that morphological changes occur with disease 

progression. It was hypothesized that treatment naïve patients with depression 

would show performance deficits in hippocampus-dependent memory trials, with 

concurrent hippocampal activation deficits on functional magnetic resonance 

imaging, compared to control participants. 

Methods: Thirteen treatment naïve patients with major depressive disorder, and 

13 control participants, completed a hippocampus-dependent memory functional 

magnetic resonance imaging Process Dissociation Task. 

Results: On behavioural measures of habit memory and guessing there were no 

significant differences between groups. Functional magnetic resonance imaging 

analysis indicated that compared to the control group, the major depressive 

disorder group showed increased activation in parahippocampal gyrus and 

hippocampus on habit memory and non-item trials. 

Conclusions: These alterations in hippocampal functioning with preserved 

cognitive performance on a test of hippocampus dependent memory in major 

depressive disorder may be indicative of a compensatory mechanism. 

 

Key Words: Major Depressive Disorder, Hippocampus, Recollection Memory, 

Functional Magnetic Resonance Imaging, Episodic Memory  
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Introduction 

Although the precise neural underpinnings of Major Depressive Disorder (MDD) 

have not been fully elucidated, several lines of evidence suggest the disruption of 

cortico-limbic networks (Klauser et al., 2015). A recent meta-analysis of resting 

state functional connectivity has indicated a decrease in connectivity in fronto-

parietal systems important for cognitive control, and reduced connectivity 

between limbic (areas mediating affect) and medial prefrontal cortex regions 

(important for top down control of emotion regulation) (Kaiser et al., 2015). 

Meta-analysis of connectivity with seed regions in the default mode network has 

demonstrated hyperconnectivity between default mode network seeds and 

dorsolateral prefrontal cortex, and between the hippocampus and the medial 

prefrontal cortex and middle temporal gyrus in depression (Kaiser et al., 2015). 

The hippocampus, a key region in these networks, has been strongly implicated in 

the pathophysiology of MDD.  

The hippocampus is a stress sensitive structure that may be affected by 

changes in the hypothalamic-pituitary-adrenal (HPA) axis, and vice versa. 

Neurobiological responses to physical and psychological stress are mediated in 

part by the HPA axis. HPA axis hyperactivity (Pariante & Miller, 2001; Vreeburg 

et al., 2009) and elevated cortisol levels (Burke et al., 2005; Islam et al., 2018) are 

consistent finding in studies of MDD. Engagement of the HPA axis prompts the 

release of glucocorticoids, which help with bodily responses to stress by 

modulating a number of metabolic functions including pro-inflammatory 
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responses and the liberation of energy stores (Sapolsky, 2000). The hippocampus 

contains abundant concentrations of glucocorticoid receptors (De Kloet et al., 

1998) and is a major site in the glucocorticoid negative feedback circuitry of the 

HPA axis (Jacobson & Sapolsky, 1991). However, it has been theorized that 

chronic or repeated periods of stress can result in elevated glucocorticoid levels, 

compromised hippocampal function (Diamond et al., 2006) and reductions in 

hippocampal volume (McEwen, 2000; McEwen & Sapolsky, 1995). 

Glucocorticoid mediated changes in hippocampal volume are thought to result 

from inhibition of neurogenesis, dendritic atrophy and impaired glucose 

metabolism (Gould & Tanapat, 1999; Reagan & McEwen, 1997; Sapolsky, 2000; 

Tatomir et al., 2014). Stress related reductions in neuroplasticity, including 

decreased neurogenesis, increased remodeling of dendrites, loss of glial cells, or 

increased excitotoxicity, could lead to smaller hippocampal volume, disruptions in 

fronto-temporal circuitry and increased vulnerability to subsequent episodes of 

depression (McEwen, 1999; Pittenger & Duman, 2008). Hippocampal loss and 

remodeling and the corresponding loss in glucocorticoid receptor density may 

lead to inefficacious inhibitory control of the corticotrophin-releasing hormone-

producing cells of the hypothalamus, and result in increased availability of 

glucocorticoids and the cyclic worsening of this cascade (Bremner et al., 2000). 

However, some MDD patients responding to antidepressants treatment have 

shown normalization of HPA regulation patterns (Aihara et al., 2007; McKay & 

Zakzanis, 2010). 
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The hippocampus has been studied extensively through volumetric 

Magnetic Resonance Imaging (MRI) (Bora et al., 2012; Koolschijn et al., 2009; 

McKinnon et al., 2009) and behavioural tasks targeting hippocampal function 

(Campbell & MacQueen, 2004; Frodl et al., 2006; Shelton & Kirwan, 2013). The 

largest multi-site data set to date has indicated no differences in hippocampal 

volume between patients with first episode MDD and controls (Schmaal et al., 

2015). Patients with multiple episodes of MDD have demonstrated smaller 

hippocampal volumes compared to controls (McKinnon et al., 2009; Schmaal et 

al., 2015; Videbech & Ravnkilde, 2004), as have patients with longer illness 

duration (McKinnon et al., 2009). MacQueen et al. (2003) demonstrated a 

logarithmic relationship between hippocampal volume and duration of illness, 

suggesting emergence of reduction in hippocampal volume early in disease 

progression, though not prior to first presentation of depression. 

Imaging studies of healthy participants have highlighted the importance of 

hippocampal recruitment for declarative memory. It has been suggested that the 

hippocampus plays a role in information retrieval success (MacQueen et al., 2003; 

McKinnon et al., 2009), visual and spatial memory (McEwen, 2004; Sheline et 

al., 1996), and recollection memory (Brown & Aggleton, 2001; Merkow et al., 

2015; Nyberg et al., 1996; Yonelinas, 1997). A review of imaging research on 

medial temporal lobe memory functions found that the strongest link to 

hippocampal activation was associated with recollection memory (Diana et al., 

2007). Healthy control participants scoring high for depressive symptoms on the 
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Beck Depression Inventory (BDI) have demonstrated impaired performance on a 

delayed match to sample test (Becker et al., 2009), a test associated with 

hippocampal neurogenesis in rodents (Winocur et al., 2006). The groups did not 

differ on other measures of memory not dependent on hippocampal neurogenesis, 

suggesting that impaired hippocampal-dependent memory may be a pre-clinical 

marker for depression (Becker et al., 2009).  

Changes in hippocampal integrity that occur with depression are thought 

to be reflected in changes in hippocampal-dependent memory tasks and there is 

extensive evidence that people with recurrent depression have impairment in 

hippocampal-dependent memory, even when euthymic (Campbell & MacQueen, 

2004). Whether or not these changes in hippocampal function are present early in 

the course of depressive illness is less well-established (Fairhall et al., 2010; 

MacQueen et al., 2003; Werner et al., 2009).  

The objective of the present study, therefore, was to assess whether 

differences in behavioural and neuroimaging measures of hippocampal 

functioning are present in people with depression presenting for treatment for the 

first time.  

Methods 

Participant Selection 

Thirteen participants with depression were recruited from the Mood Disorders 

Program at St. Joseph’s Healthcare Hamilton. Thirteen age and sex matched 

control participants were recruited from the community. The St Joseph’s 
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Healthcare Hamilton Research Ethics Board granted ethical approval. All 

participants gave written informed consent. Participants with a history of head 

injury, neurological illness, alcohol or substance abuse, or history of 

electroconvulsive therapy or transcranial magnetic stimulation within the last two 

years, were excluded. Controls were free from medication and had no current 

symptoms or medical history of a mental health disorder. Participants had no past 

treatment history for MDD, although some participants reported past episodes that 

had been untreated. Participants with depression met criteria for non-psychotic 

unipolar MDD as determined by the Structured Clinical Interview for DSM-IV-

TR Axis I Disorders, Research Version, Patient Edition (First et al., 2002). Mood 

symptoms were assessed just prior to neuroimaging with the Beck Depression 

Inventory (BDI; Beck & Beamesderfer, 1974).  

Process Dissociation Task: 

The Process Dissociation Task (Jacoby, 1998) was adapted for a neuroimaging 

environment (see Figure 1) as previously described (Milne et al., 2012).  

Image Acquisition  

Images were acquired on a 3T GE MRI scanner. Participants completed the 

Process Dissociation Task across 5 fMRI runs, followed by an anatomical scan. 

Functional images prescribed 13 axial slices (3 mm thickness) centered on the 

head of the left hippocampus. Blood oxygen-level dependent (BOLD) images 

were acquired using an echo planar pulse sequence [echo time (TE) = 43 ms; 

repetition time (TR) = 3000 ms; matrix = 128 × 64; flip angle = 90°. Stimuli were 
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presented visually according to an event related design with a jittered inter-

stimulus interval of 3, 6, or 12 second duration, during which a fixation point was 

displayed. A 3 second scanner silent period was incorporated after each TR, to 

allow participants to give verbal responses, which were recorded with an MR-

compatible microphone affixed to the head coil. Subsequently, a T1-weighted 

anatomical scan was obtained; 3D inversion recovery prepped, fast spoiled 

gradient recalled pulse sequence, sagittal plane, TR = 10.8 ms, TE = 2 ms, 

inversion time = 400 ms, flip angle= 20°, matrix 256 x 256, field of view = 24, 

slice thickness 1mm, no skip, 124 contiguous slices. 

Analysis 

Between group comparisons of age and memory performance were calculated 

with two-tailed t-tests. Acquired images were preprocessed and analyzed in Brain 

Voyager QX version 1.10.4 (Brain Innovation; Goebel et al., 2006) (Maastricht, 

The Netherlands). Functional data sets were slice-time corrected, linear detrended, 

3D-motion corrected and realigned, and normalized to Talairach space (Talairach 

& Tournoux, 1988). High-resolution T1-weighted 3D anatomical scans were 

transformed into Talairach space and used for coregistration. Regions of interest 

were prescribed for the hippocampus and parahippocampal gyrus and were 

inspected and confirmed by a second tracer (GBCH).  

An event related model was used to examine the BOLD signal at every 

voxel. Data were analyzed using a random-effects multiple general linear model. 

Recollection memory, habit memory, non-item, and study list presentations were 
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set as the explanatory variables accounting for differences in BOLD signal within 

and between groups. Contrasts were corrected for multiple-comparisons using a 

false discovery rate (FDR) of 0.05. The average statistical value for the resulting 

regions of interest (ROIs) are reported. 

Results 

Demographics 

Demographic information for participants is listed in Table 1. The MDD group 

had a mean illness duration of 4.7 ± 3.5 years, mean of 2.6 ± 2.4 episodes, and a 

mean BDI score of 27.5 ± 10.5. MRI scans were scheduled as close to the clinical 

assessment as possible. As a result, 3 MDD participants had commenced with 

antidepressant treatment 6, 4 and 2 days respectively, prior to scanning. One 

MDD participant was receiving an antipsychotic. All other MDD participants had 

no lifetime history of exposure to any psychotropic medications.  

Memory Performance 

There were no differences in recollection memory performance between MDD 

patients and controls. The MDD group also performed similarly to controls on 

both habit memory trials and in their tendency to guess on non-item trials (see 

Table 2). 

Imaging Results 

ROI analyses were conducted to examine hippocampal engagement in response to 

task conditions. ROIs were manually traced on a summed co-registered 

anatomical image at the group level to include the hippocampus bilaterally. 
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Between group activation patterns were determined for the contrast of each type 

of memory trial (recollection, habit and non-item trials) against the presentation of 

the study list (See Table 3). 

MDD patients had significantly increased bilateral activation of the 

hippocampus during habit memory trials compared to controls. In addition, MDD 

patients showed heightened activation of the parahippocampal gyrus bilaterally 

during non-item trials in comparison to controls. For the comparison of 

recollection memory trials versus the study list, MDD patients also showed 

greater bilateral parahippocampal gyrus (Brodmann areas 36 & 27) activation 

than controls, although these results did not survive correction for multiple 

comparisons (see Figure 2). Given the memory performance results, it appears 

that to perform at equitable levels on the process dissociation task, MDD patients 

showed heightened activation broadly across all three memory domains. 

Discussion 

We report findings of heightened hippocampal and parahippocampal activation 

during habit memory and non-item trials in a group of recently diagnosed patients 

with MDD, without corresponding impairments in hippocampus-dependent 

memory compared to a matched control group. Furthermore, greater recruitment 

of the hippocampus was observed in the MDD group during recollection memory 

trials in comparisons to the control group, though this did not survive correction 

for multiple comparisons. The current results support previous findings of altered 

hippocampal function in MDD. In a previous study examining process 
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dissociation memory in participants with a lengthy MDD history (mean number of 

episodes 5.6 ± 2.4, with mean illness duration in years of 20.1 ± 12.8) patients 

with MDD scored significantly lower on recollection and habit trials, when 

compared to controls (Milne et al., 2012). There was increased activation in left 

parahippocampal and right hippocampal gyri in the healthy controls compared to 

patients with MDD during recollection memory trials, with no significant between 

group differences on habit or non-item trials. These results suggest that at the 

onset of MDD, there is a broad heightened engagement of the hippocampus across 

trial types in response to task demands. Similarly, an fMRI study of unmedicated 

MDD patients and healthy controls performing a Stroop task found no between 

group differences in reaction time or accuracy (Wagner et al., 2006). However, 

compared to controls, in the interference condition MDD patients demonstrated 

increased activity in the left dorsolateral prefrontal cortex and in rostral anterior 

cingulate gyrus, in addition to patterns of activity in the dorsal anterior cingulate 

gyrus that were similar to the controls, suggesting recruitment of additional 

resources was necessary for the MDD group to perform similarly to the healthy 

controls. It is possible that hippocampal functioning follows a trajectory as MDD 

progresses, where in the early stages changes in function play a compensatory 

role, but across time there is a worsening of memory function and performance 

(Milne et al., 2012). In contrast, healthy controls differentially recruit the 

hippocampus during recollection memory trials compared to habit or non-item 

trials. 
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Greater activation across trial type in MDD patients may suggest that in 

the early course of MDD patients are able to successfully complete the task and 

compensate with increased hippocampal recruitment. However, with a protracted 

course of illness consisting of repeated depressive episodes and corresponding 

prolonged exposures to glucocorticoids (Campbell et al., 2004; Videbech & 

Ravnkilde, 2004), hippocampal recruitment may be compromised. In related work 

examining brain proton magnetic resonance spectroscopy (Milne et al., 2009) we 

have associated reduced hippocampal volumes in patients with multiple MDD 

episodes with elevated hippocampal choline levels. As choline is considered a 

marker of neuronal membrane turnover (Klein, 2000), elevated levels may reflect 

stress reactive remodeling processes in the hippocampus. Milne et al. (2009) 

further reported an absence of hippocampal volume loss in MDD patients that was 

accompanied by increased levels of myo-inositol. These findings suggest that 

early in the course of MDD there may be increases in glial cell density at the 

hippocampus (Milne et al., 2009). In the context of the current study, it is 

interesting to speculate that if the heightened hippocampal engagement in MDD 

patients reflects some kind of compensatory processes, then the associated 

increases in local metabolic needs may be satisfied by changes in the density or 

recruitment of glia (Alberini et al., 2018; Takata et al., 2018). 

Werner et al. (2009) used fMRI to examine hippocampus related memory 

in MDD, applying a subthreshold paired associate task using faces and 

occupations that failed to differentiate hippocampal activation between MDD 
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patients and controls. Group differences in other regions associated with memory, 

including frontal and parietal regions, were observed. The lack of differences in 

the hippocampus might suggest that the task employed was insufficiently 

sensitive to hippocampal activation changes, to isolate group differences in this 

region. Werner et al. (2009) postulated that the small sample size and relatively 

young age of patients with depression may have contributed to their lack of 

findings in the hippocampus. These findings may be contrasted with Fairhall et al. 

(2010), using an associative encoding task in MDD patients (first and recurrent 

episode, medicated and non-medicated) and healthy controls, cognitively, there 

were no between group differences on task performance. Functionally, MDD 

participants did not display the same heightened hippocampus fMRI activation in 

response to successful encoding the control group did, but rather an increased 

activation in intraparietal sulcus. This suggests a breakdown or dysregulation of 

memory-related hippocampus function on a memory task and possible 

compensatory mechanisms, rather than an up or down regulation in activation 

(Fairhall et al., 2010). Imaging studies have found that while MDD patients may 

engage additional neural resources in response to task demands, there may not be 

an accompanying improvement in task performance (Herwig et al., 2010; Zhou et 

al., 2010). 

The present study has some limitations, the modest sample size being the 

most obvious. Further, our focus solely on the hippocampus means that possible 

compensatory recruitment of additional brain regions could not be resolved. 
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Furthermore, although standard hand tracing protocols exist for disambiguating 

the anterior portion of the hippocampus from the amygdala (Boccardi et al., 2011; 

Yucel et al., 2008) it remains possible that activation patterns included 

contributions from the amygdala due to partial volume effects. 

In summary, young adults presenting for first treatment of MDD did not 

demonstrate recollection memory deficits during a hippocampus dependent 

memory task. Instead, MDD patients showed heightened hippocampal activation 

without corresponding memory deficits on all memory trial types. These findings 

provide complementary fMRI evidence that the hippocampus is a region sensitive 

to the impact of disease burden. A longitudinal repeated-measures study of 

changes in habit memory and concurrent changes in hippocampal volume and 

integrity or hippocampal functional activation would be a positive contribution to 

understanding the evolution of hippocampal changes in the progression of MDD. 
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Tables and Figures 

Table 1. Demographic and clinical information for MDD patients and healthy control participants 

 
MDD 

Group 

Control 

Group 
Statistics 

N 13 13 - 

Female (%) 5 (39%) 7 (54%) X2(1, N =26) = .619, p = .431 

Age in years 25.8 ± 7.5 27.2 ± 7.9 t(24) = -.435, p = .667, d = -0.18 

Education in years 13.2 ± 1.5† 17.9 ± 3.0  t(21) = -4.535, p = <.0005, d = -1.86 

BDI 27.5 ± 10.5 1.6 ± 2.3 t(13.167) = 8.652, p = <.0005, d = 3.53 

Illness Duration 4.7 ± 3.5‡ NA - 

Number of Episodes 2.6 ± 2.4† NA - 

† Data missing for 3 participants. ‡ Data missing for 5 participants.  

Note: Data are presented as Mean ± SD unless otherwise noted. 
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Table 2. Memory performance across trial type during the process dissociation task 

Trial Type MDD Group Control Group Statistics 

Recollection 0.72 ± (0.11) 0.67 (0.18) t(24) = 0.846, p = 0.406, d = 0.35 

Habit 0.42 ± (0.20) 0.36 (0.18) t(24) = 0.773, p = 0.447, d = 0.32 

Guessing 0.61 ± (0.09) 0.60 (0.11) t(24) = 0.019, p = 0.985, d = 0.01 
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Table 3. Memory-related fMRI activation identified in between group comparisons 

Trial Type MNI Coordinates Region BA t-value d Cluster size 

(voxels) x y z  

Recollection – Study Trials         

MDD > Control 24 -43 -6 Parahippocampal gyrus 36 3.165 1.29 177† 

 -22 -34 -3 Parahippocampal gyrus 27 3.224 1.32 918† 

         

Habit – Study Trials         

MDD > Control 27 -31 -4 Hippocampus  3.268 1.33 2431 

 -19 -34 -2 Hippocampus/ 

Parahippocampal gyrus 

27 3.477 1.42 2394 

         

Non-item – Study Trials         

MDD > Control 24 30 -3 Parahippocampal gyrus 27 3.161 1.29 713 

 -22 -33 -3 Hippocampus/ 

Parahippocampal gyrus 

27 3.660 1.49 2547 

† Results not corrected for multiple comparisons. 

BA = Brodmann Area 
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Figure 1: Schematic representation of the process dissociation task.  

Training phase: participants were repeatedly exposed to eighteen stimulus words 

pairs. Each word that appeared on the left side of the screen was paired with one 

of two possible associative responses that occur with equal frequency in published 

norms (e.g. mountain-high, mountain-hill). Participants were given two seconds to 

guess the correct answer to complete the word fragment (e.g. mountain hill or 

mountain high) before the correct completed word pair combination appeared on 

the screen. Testing phase: participants were presented with 17 test blocks each 

consisting of presentation of a study list, an arithmetic distractor task and then 

completion of a memory test. Participants were instructed to respond verbally and 

complete the word fragments with words in the immediately preceding study list, 

or to provide their best guess if they could not remember which word was 

presented in the study list.   
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Figure 2. Group differences in hippocampal activation during recollection 

memory trials. 

MDD patients show a trend towards heightened left (t = 3.165) and right (t = 

3.224) parahippocampal activation compared to healthy control participants. 

Statistical maps are superimposed on averaged anatomical group images. Images 

are presented according to radiological convention. Results are not FDR 

corrected. 
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Abstract 

Introduction: Estrogen fluctuations may lead to changes in the serotonergic 

system and influence menopause transition-related mood symptoms. Serotonin 

availability can be temporarily manipulated through the acute tryptophan 

depletion paradigm. We examine the effect of acute tryptophan depletion on 

mood and emotion recognition in midlife women receiving estradiol treatment. 

Methods: In a crossover design, 14 midlife women (age range 45 to 60 years) 

receiving estradiol were assigned to acute tryptophan depletion or sham and 

completed a functional magnetic resonance imaging Emotional Conflict Task.  

Results: In both conditions, participants demonstrated emotional Stroop in 

reaction time. Incongruent adaptation in accuracy was observed in Sham 

condition, and in reaction time in the acute tryptophan depletion condition. There 

was lower brain blood oxygen level dependent activity in acute tryptophan 

depletion compared to Sham in the incongruent adaptation condition in bilateral 

angular gyrus, right lateral occipital cortex, and left middle temporal gyrus. 

Greater brain blood oxygen level dependent activity was observed in acute 

tryptophan depletion in the emotional Stroop condition, in regions including left 

superior parietal lobule extending to the precuneus and posterior cingulate gyrus.  

Conclusions: Acute tryptophan depletion in estrogen users attenuates incongruent 

adaptation in terms of accuracy. Brain blood oxygen level dependent activity was 

reduced in acute tryptophan depletion compared to Sham in the incongruent 

adaptation condition and increased in the emotional Stroop condition. The high 
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dose of estradiol women were receiving may have been sufficient to maintain 

serotonin homeostasis, preventing women experiencing a rapid deterioration of 

mood or an increase of vasomotor symptoms during acute tryptophan depletion. 

Key Words: acute tryptophan depletion, perimenopause, emotional conflict task, 

emotional Stroop 
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Introduction 

Women are at higher risk to develop Major Depressive Disorder (MDD) across 

the lifespan, with a 5.1% prevalence compared to 3.6% in men (World Health 

Organization, 2017). Worldwide, MDD has already become the source of primary 

disease burden in women (World Health Organization, 2008). It has been 

postulated that the heightened risk for developing mood symptoms among women 

could be at least in part related to intervals of greater hormonal fluctuations across 

the lifespan, i.e., hormone-related windows of vulnerability (Steiner, 2003; Soares 

and Zitek, 2008). Hormonal fluctuations are commonly observed during 

reproductive years, occurring periodically in the luteal phase of the menstrual 

cycle (Hantsoo and Epperson, 2015), and during postpartum periods (Marcus, 

2009). Fluctuations in the hormonal milieu are also a characteristic of the 

menopausal transition (Bromberger and Epperson, 2018). The menopausal 

transition is characterized by vasomotor symptoms, changes in sleep, vaginal 

dryness, dyspareunia, and increased symptoms of depression and anxiety 

(Santoro, 2016). The multi-site community-based prospective Study of Women's 

Health Across the Nation confirmed a heightened vulnerability for depression 

while examining aging and the transition to menopause across a 13-year follow up 

during midlife years; women with no history of MDD have a 28% greater risk of 

developing MDD during the menopause transition, whereas women with a 

lifetime history of MDD have a 59% increased risk of experiencing a recurrent 

MDD episode (Bromberger et al., 2015). Even midlife women without a history 
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of depression were twice as likely to develop depressive symptoms compared to 

an age-matched premenopausal control group (Cohen et al., 2006). The risk for 

developing depression appears to be higher during and after perimenopause as 

compared to pre-menopause (Cohen et al., 2006; Bromberger et al., 2011). 

Increased risk for MDD recurrence or onset in perimenopause has also been 

identified in women with a history of severe premenstrual mood symptoms, or 

who are experiencing poor sleep, or hot flashes (Freeman et al., 2004).  

Overall, women experiencing onset of a major depressive episode during 

perimenopausal years are more likely to have a lifetime history of MDD, rather 

than experiencing a new onset of MDD (Maki et al., 2018). This increased risk is 

not primarily driven by aging (Bromberger and Epperson, 2018), as risk for 

developing depression diminishes over time – i.e. during late postmenopausal 

years (Bromberger et al., 2011; Freeman et al., 2014). Recent research has 

suggested that greater duration of exposure to estrogen, expressed as the length of 

time from menarche to the initiation of the menopausal transition, may reduce risk 

of developing depressive symptoms during and up to 10 years after the 

menopausal transition (Georgakis et al., 2016; Marsh et al., 2017). Similar 

protective effects have been reported for women with a history of using oral 

contraceptives, perhaps due to the fact that oral contraceptives act to reduce 

fluctuations in the hormonal milieu, and provide a steady exposure to changes in 

endogenous estrogen (Marsh et al., 2017). In sum, while most women will not 

encounter depression during the menopausal transition, perimenopause represents 
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a window of vulnerability during which a subset of women with or without 

lifetime history of MDD may have an increased risk of developing mood 

symptoms during a time of intense hormonal fluctuations (Maki et al., 2018).  

During menopause transition, hormone therapy (HT) is the standard 

treatment for vasomotor symptoms, premature hypoestrogenism, genitourinary 

symptoms, and the prevention of bone loss (The NAMS 2017 Hormone Therapy 

Position Statement Advisory Panel, 2017). Several studies have demonstrated that 

perimenopausal women receiving treatment with transdermal 17 b Estradiol 

estrogen treatment (ET) have experienced a reduction in depressive symptoms 

(Schmidt et al., 2000; Soares et al., 2001; Gordon and Girdler, 2014). However, 

this benefit of ET does not extend to women in the postmenopausal phase 

(Morrison et al., 2004; Gordon and Girdler, 2014), suggesting that ET provides 

the most benefit in women in the perimenopausal phase, when hormone levels are 

fluctuating at a greater intensity. 

A recent study examined whether HT could prevent the onset of 

depressive symptoms in perimenopausal and postmenopausal women (Gordon et 

al., 2018). In a double-blind, placebo-controlled trial, women received 

transdermal estradiol (0.1 mg/d) or placebo for 12 months, with oral micronized 

progesterone (200 mg/d for 12 days) or matched placebo given every 3 months for 

those in active treatment or placebo, respectively. Women assigned to placebo 

were more likely to develop depressive symptoms over time compared to women 

on HT (32.3 % versus 17.3%, OR=2.5; 95% CI, 1.1-5.7, P=.03). The study 
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suggested that some women could benefit from estrogen-based therapy to mitigate 

the risks of developing depression. 

ET may help to improve mood symptoms by influencing availability of 

serotonin, a neurotransmitter involved in the regulation of mood and cognition 

(Lokuge et al., 2011). Estrogen can boost serotonin synthesis and transport (Smith 

et al., 2004), reduce serotonin degradation (Bethea et al., 2002), increase the 

availability of post-synaptic serotonin receptor (5HT2A) binding sites (Moses-

Kolko, 2003), and reduce sensitivity of the presynaptic serotonin autoreceptor 

(5HT1A) (Henderson and Bethea, 2008). Therefore, the interplay between 

serotonergic neurotransmission and estrogen may have a modulatory role in 

thermoregulation and in mood.  

To assess the effects of reduced serotonin availability in the brain, neural 

serotonin levels can be temporarily reduced with exposure to the acute tryptophan 

depletion (ATD) paradigm. Tryptophan is an essential amino acid that is the sole 

precursor for serotonin synthesis (Richard et al., 2009; Fernstrom et al., 2013) and 

the rate-limiting step in serotonin production (Schaechter and Wurtman, 1990). 

Blood plasma tryptophan availability in the brain is determined by a combination 

of bioavailable tryptophan ingested through consumption of food and the uptake 

of tryptophan during protein synthesis (Richard et al., 2009). Generally, ATD in 

healthy participants without a family history of MDD, does not result in a 

significant change in mood (Fusar-Poli et al., 2006). Women may be more prone 

to experience mood-diminishing effects of ATD (Menkes et al., 1994; Ellenbogen 
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et al., 1996; Booij et al., 2002), due to sex differences in serotonin synthesis 

(Okazawa et al., 2000) and in binding potentials at the serotonin transporter, and 

5HT1A receptor (Jovanovic et al., 2008). Nevertheless, ATD did not result in 

increased depressive mood symptoms in euthymic menopausal women with a 

recent episode of major depression (Epperson et al., 2007), or in non-depressed 

menopausal or post-menopausal women before or after receiving ET (Epperson et 

al., 2012; Shanmugan et al., 2017). Reducing serotonin availability in the brain of 

perimenopausal women allows for the study of serotonergic influence on 

processing of emotional stimuli, without the confounding factor of low mood 

(Beacher et al., 2011) that accompanies chronic lowering of serotonin levels, as is 

hypothesized to be the case in MDD (Baranyi et al., 2017). 

The Emotional Conflict Task, an emotional Stroop test paradigm (Etkin et 

al., 2006; Wortinger et al., 2017) involves presentation of a series of faces with 

either a fearful or happy facial expression, with the name of a congruent or 

incongruent emotion overlaid on the face. Participants are required to identify the 

emotion expressed on the face (task relevant emotional information) while 

ignoring the name of the emotion printed on the face (task irrelevant emotional 

information). In healthy comparison participants, an incongruent adaptation effect 

occurs when reaction time (RT) is decreased and accuracy is increased on an 

incongruent trial preceded by an incongruent (iI) trial, compared to an 

incongruent trial preceded by a congruent (cI) trial (Etkin et al., 2006). In both 

instances, the incongruent trial requires the same cognitive response to the facial 
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emotion and inhibition of response to the printed name of an emotion. The 

conflict introduced in the first incongruent presentation of an iI trial enhances the 

behavioural response to the second incongruent trial (Etkin et al., 2006; Etkin and 

Schatzberg, 2011).  

Using the Emotional Conflict Task, we have shown that menopausal 

women not receiving HT displayed increased brain blood oxygen level dependent 

(BOLD) activity in measures of incongruent adaptation including anterior insula, 

posterior cingulate cortex, inferior and superior parietal lobules, middle and 

superior temporal gyrus, caudate and putamen (Frey et al., 2010). However, 

behavioural differences were not observed, suggesting changes in processing of 

emotional stimuli in women transitioning into menopause. Given the positive 

effects of selective serotonin reuptake inhibitors on mood, we expect that ATD in 

a perimenopausal group of mid-life women may negatively affect processing of 

emotional stimuli in the Emotional Conflict Task, compared to Sham.  

The objective of this study was to examine the modulatory effect of ET on 

mood through its interaction with the serotonergic system in perimenopausal 

women receiving ET. We utilized a functional magnetic resonance imaging 

(fMRI) Emotional Conflict Task to examine whether disruption of serotonin 

production through ATD would disrupt the effects of ET on mood and on 

processing of emotion information. It was hypothesized that ATD in a group of 

midlife women with depressive symptoms and receiving ET would not 

significantly increase mood symptoms (Epperson et al., 2012; Shanmugan et al., 
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2017), assuming that the effects of ET on mood are not solely mediated by 

serotonin. Changes in vasomotor symptoms were also not expected with ATD, as 

treatment with the serotonin precursor 5-hydroxytryptophan does not significantly 

reduce the frequency of menopausal hot flashes (Freedman, 2010) and that the 

effects of ET on thermoregulation may in fact be mediated by other monoamines 

such as noradrenaline.  

Methods 

Participants 

Twenty-eight female participants were recruited through internet and local 

advertisements. Prospective participants completed a telephone screening 

interview. The Research Ethics Board of St. Joseph’s Healthcare Hamilton and 

McMaster University approved the study protocol (REB Project #: 10-3337) and 

the study was carried out in accordance with the standards provided by the Tri-

Council Policy Statement on Ethical Conduct for Research Involving Humans 

TCPS 2 (Canadian Institutes of Health Research et al., December 2014). 

Inclusion criteria were women aged 40 to 60 years old in either 

menopausal transition or early postmenopausal staging as defined by the 

following Stages of Reproductive Aging Workshop (STRAW; Soules et al., 2001; 

Harlow et al., 2012) criteria: ≥ 7 day change in menstrual cycle duration (early 

menopausal transition), ≥ 2 missed menstrual cycles plus at least one ≥ 60 days 

inter-menstrual interval (late menopausal transition) or ≤ 5 years since last 

menstrual period (early post-menopause). Additional inclusion criteria were 
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symptoms of anxiety or depression meeting criteria for MDD on the Mini-

International Neuropsychiatric Interview – structured psychiatric diagnostic 

interview (MINI; Sheehan et al., 1998) or the Montgomery–Åsberg Depression 

Rating Scale (MADRS; Montgomery and Åsberg, 1979) with a score of greater > 

20, and menopausal symptoms identified by a total score on the Greene 

Climacteric Scale (GCS; Greene, 1998) of > 16 and GCS – vasomotor symptom 

sub score of > 3.  

Exclusion criteria were contraindications for HT or for MRI; regular 

treatment with a selective serotonin reuptake inhibitor, tricyclic antidepressants, 

mood stabilizers, oral or depot neuroleptics within 12 weeks prior to screening 

visit, sedatives, hypnotics, or over-the-counter products recognized to affect mood 

within 8 weeks prior to screening visit; use of psychotropic medication (except 

ET), herbal supplements or over-the-counter agents known to affect menopausal 

symptoms, within 8 weeks prior to screening visit, exposure to electroconvulsive 

therapy in the previous 12 weeks; serious medical diagnoses including thyroid 

disease, heart disease (angina heart, attack), pulmonary disease, blood or bleeding 

disease, liver disease, kidney disease, gastrointestinal disease (e.g. ulcers, 

bleeding, metabolic), epilepsy or seizure, head injury, cancer, human 

immunodeficiency virus, or acquired immune deficiency syndrome. 

Screening Visit 

At the in-person pre-intervention screening visit at St. Joseph’s Centre for 

Integrated Healthcare, participants completed a series of questionnaires to 
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determine study eligibility, including: The MINI (Sheehan et al., 1998); the 

MADRS (Montgomery and Åsberg, 1979) – a 10 item clinician administered 

scale assessing current mood symptoms and based on information gleaned during 

a clinical interview; Profile of Mood States (POMS; Pollock et al., 1979) – a 65 

item clinician administered measure of mood states in the previous week, with 

subscales assessing depression, anger, tension, confusion, vigor and fatigue; the 

GCS (Greene, 1998) – a 21 item subjective measure of current vasomotor, 

physical and psychological symptoms associated with Menopause; and the Hot 

Flash Related Daily Interference Scale (HFRDIS) (Carpenter, 2001) – a 10 item 

subjective measure of the influence of hot flashes on quality of life in the past 

week. Participants with STRAW stages +1a, +1b, and +1c were included in the 

study. 

Eligible participants were provided with a study description and provided 

written informed consent. Participants received financial compensation for study 

participation.  

A blood sample was taken at the screening visit to assess estrogen levels. 

Blood serum estrogen levels were analyzed using a standard enzyme-linked 

immunosorbent assay.  

Treatment 

The treatment phase was initiated with a visit with the study gynecologist, and ET 

began within 7-10 days of the screening visit. Participants were provided with 

instructions on how to apply the 17 β-estradiol (100 µg) transdermal patches.  
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Adverse events, alterations in menopause-related symptoms, and mood changes 

(POMS and MADRS scores) were monitored 1, 2, 4, and 8 weeks following the 

initiation of treatment. After 8 weeks of treatment, blood samples were acquired 

to re-assess levels of follicle stimulating hormone, luteinizing hormone, and 

estrogen (ET adherence was set at serum estrogen levels > 0.15 nmol/L). 

Participants responding to ET (defined as ≥ 50% decrease in MADRS scores from 

baseline screening visit to 8 weeks of treatment) were eligible for inclusion. 

Moreover, upon completion of the study, and after a maximum of 12 weeks of 

receiving ET, women with intact uteri received oral micronized progesterone 100-

200 mg/day for 14 days to provide endometrial protection (Stute et al., 2016). All 

participants received appropriate follow-up care with the study psychiatrist and 

study gynecologist after treatment completion or at study discontinuation. 

ATD Procedure 

The ATD and Sham depletion conditions were completed at least 7 days apart in a 

randomized (within subject) assignment. Participants were provided with specific 

instructions to adhere to a low-protein diet for 24 hours prior to each condition of 

the experiment, and to fast from midnight prior. The ATD and Sham conditions 

started at 8:30 a.m. and were approximately 7 hours in duration. The amino acid 

drink was prepared minutes prior to ingestion by dissolving amino acids 

(Spectrum Chemicals & Laboratory Products, Gardena, CA, USA) in either 60 ml 

of chocolate syrup + 150 ml of tap water or 180 ml of orange juice, as preferred 

by the participant. The ATD drink was composed of the following large neutral 
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amino acids: L-alanine (5.5 g), glycine (3.2 g), L-histidine (3.2 g), L-isoleucine 

(8.0 g), L-leucine (13.5 g), L-lysine (11.0 g), L-phenylalanine (5.7 g), L-proline 

(12.2 g), L-serine (6.9 g), L-threonine (6.9 g), L-tyrosine (6.5 g), and L-valine 

(8.9 g). Amino acids with unpleasant taste and smell (L-arginine, 4.9 g; L-

cysteine, 2.7 g; L-methionine, 3.0 g) were ingested separately, in a capsule form. 

A similar ATD composition has been used previously (Salomon et al., 2011; Von 

Ah et al., 2012). The ATD drink and capsule composition were identical to the 

Sham depletion drink/capsules with the exception of L-tryptophan (4.0 g), which 

was added to the Sham drink. Participants were provided with additional water to 

drink and a piece of fruit or fruit cups. In addition, some participants also 

consumed ginger ale and crackers over the duration of the afternoon. 

Mood status and menopausal symptoms were assessed and a blood sample 

(20 ml) was drawn to measure plasma levels of phenylalanine, tyrosine, and other 

large neutral amino acids at 5 hours post drink ingestion. A depletion of ≥ 60% in 

tryptophan levels 5 hours after ATD drink ingestion indicated a successful 

depletion procedure (Delgado et al., 1999). During the first 5 hours post-ingestion, 

participants were invited to rest in a comfortable, quiet room with magazines or a 

TV, use their personal electronic devices to work or play games, and/or to stroll 

the hospital grounds.  

Assessing Mood and Large Neutral Amino Acids  

Upon arrival, prior to drink ingestion, participants were assessed for mood 

status (MADRS, POMS), and menopausal symptoms (GCS, and HFRDIS) 
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following which a blood sample (20 ml) was drawn. At 5 hours post-ingestion, 

Mood (POMS) and menopausal symptoms (GCS, HFRDIS) were rated, and blood 

samples collected, as this is the reported range of maximal tryptophan depletion 

(Hood et al., 2005). Mood raters were blind to the condition/drink ingested. 

Blood Analysis 

Within 30 min of collection, whole blood samples were centrifuged at 1,810 x g 

for 15 minutes at 4ºC, and the resulting plasma was aliquoted and stored at -80ºC 

until use. Whole blood samples were allowed to clot at room temperature for 30 – 

60 minutes and then centrifuged at 1,810 x g for 10 minutes at 4ºC. The resulting 

serum was aliquoted and stored at -80ºC until use.  

Calculation of Tryptophan Levels 

Blood serum levels of tryptophan were ascertained via fluorometry. Tryptophan 

levels were calculated by ascertaining the ratio of free plasma levels of L-

tryptophan to large neutral amino acids (L-isoleucine + L-leucine + L-tryptophan 

+ L-valine). Tryptophan depletion levels were calculated by subtracting afternoon 

tryptophan levels from morning tryptophan levels, dividing by morning 

tryptophan levels and multiplying by 100. 

Estrogen Analysis/Calculation 

Analysis of estrogen levels in patient serum was completed using a competitive 

binding enzyme-linked immunosorbent assay following the manufacturer’s 

instructions (11-ESTHU-E01, Alpco, Salem, NH, USA). A four-parameter 

logistic regression was used for curve fitting.  
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Emotional Conflict Task 

The Emotional Conflict Task is comprised of 148 black and white happy or 

fearful faces with the word “HAPPY” or “FEAR” in upper case red letters 

superimposed just beneath the bridge of the nose, such that the word and the 

image were either congruent or incongruent (for more detailed information see 

Frey et al., 2010; Etkin and Schatzberg, 2011). Stimuli were presented for 1,000 

milliseconds, with a jittered inter-stimulus interval of 3,000 to 5,000 milliseconds 

(mean inter-stimulus interval, 4,000 ms) during which a central fixation was 

displayed. Incongruent adaptation was defined as the contrast between 

measurements on the second of two consecutive incongruent trials (iI trials) and 

measurements on incongruent trials preceded by congruent trials (cI trials). There 

were no direct repetitions of the same face with varying word distracters nor any 

direct repetitions of exact face-word-distracter combinations, to avoid repetition 

or negative priming effects. Participants were instructed to respond as quickly and 

accurately as possible by pushing a button corresponding to the affect expressed 

in the image. RT and accuracy were dependent variables. For the RT analysis, 

error trials and post-error trials, and trials with RT more than 2 standard 

deviations below or above the mean for each trial type (cC, cI, iC or iI) were not 

included in the analysis. The total length of the task is approximately 13 minutes. 

fMRI Acquisition 

The scanning session commenced approximately 5.5 hours after drink ingestion 

and immediately following the second blood collection of the session, lasting 
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approximately 45 minutes. MRI was conducted in a MR 750 3T MRI whole body 

short bore scanner (General Electric Healthcare, Waukesha, WI, USA) with a 32-

channel head coil (MR Instruments, Minneapolis, MN, USA). A 3-Plane localizer 

was run first, followed by ASSET calibration, an anatomical scan (9 minutes), a 

resting-state functional MRI (fMRI; resting state data not presented here), and the 

Emotional Conflict Task (13 minutes). Emotional Conflict Task Stimuli were 

presented with E-prime software (Schneider et al., 2002) version 2.0 onto a 

screen. Participants viewed the images on a mirror visor attached to the head coil. 

A 3-dimensional high-resolution T1-weighted fast spoiled gradient-echo 

anatomical image was acquired with images in the same session. The fMRI data 

for the Emotional Conflict Task was acquired in the axial plane with a top-down 

interleaved gradient echo echo-planar imaging sequence with repetition 

time=2000 ms, echo time=40ms, flip angle=90º, 4 mm slice thickness, with 29 

slices, field of view=240 × 240 mm in a 64 × 64 matrix with full brain coverage. 

Data files were converted from dicom to nifti using FreeSurfer's 

mri_convert (http://surfer.nmr.mgh.harvard.edu/). The first two volumes of 

functional data were discarded to remove volumes in which magnetization 

equilibrium had not been attained (Howseman et al., 1997).Functional images 

were analysed with SPM 12 (v6225) (2007). As data acquisition was interleaved, 

the remaining volumes were slice time corrected to account for a shifting time 

course (Sladky et al., 2011). Images were then realigned to account for slight head 

movement and physiological motion (respiration). Images were motion corrected 
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(Friston et al., 1996) and participants with motion > 4mm were flagged and 

removed from the analysis. Anatomical images were segmented into grey and 

white matter, CSF, and skull, and a deformation field was generated. Functional 

images for each participant were coregistered to their individual anatomical 

images, and then functional and anatomical images were spatially normalized into 

Montreal Neurological Institute (MNI) space (Friston et al., 1995) using the 

deformation field generated in the segmentation step. Finally, to filter out high 

frequency fluctuations images were spatially smoothed with a 6 mm full width 

half-maximum Gaussian kernel (Hopfinger et al., 2000).  

At the subject level explanatory variables corresponding to cI (incongruent 

trial preceded by congruent trial) trials, iI (incongruent trial preceded by 

incongruent trial) trials, iC (congruent trial preceded by incongruent trial) trials, 

cC (congruent trial preceded by congruent trial) trials, error trials and post-error 

trials, were entered into the general linear model. Six movement parameters 

generated in the motion correction step were entered as explanatory variables of 

no interest, and a temporal high-pass filter of 128 seconds was applied to the data.  

At the group level, a random effects analysis was completed with paired t-tests 

with tryptophan depletion percentage entered as a covariate.  

Whole-brain exploratory analyses for between-group comparisons of all 

trials, congruent trials, incongruent trials, incongruent > congruent trials, and iI 

> cI trials are presented with a threshold of p < .001 uncorrected, with a cluster-

level 50-voxel cut off.  
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Statistical Analysis 

Behavioural and demographic data were analyzed using SPSS 23 (IBM 

Corporation, 2015). Non-parametric statistics were calculated. All measures are 

reported as medians, unless otherwise noted.  

Results 

Twenty-eight participants completed the imaging protocol. Data for six 

participants was excluded due to movements exceeding 4 mm in translation or 

rotation during MRI testing, fMRI data was missing/incomplete for two 

participants, behavioural data was missing/incomplete for three participants, two 

participants consumed the drink for the second scan but were unable to complete 

the fMRI portion of the study, and one participant did not adhere to the diet, 

resulting in a final sample size of 14.  

Demographics 

Demographic information for the 14 remaining participants is listed in Table 1.  

Assessment with the MINI indicated that 36% of participants had no 

previous/current psychiatric diagnosis, 57% had past or recurrent Major 

Depressive episode(s), 7% were currently experiencing a Major Depressive 

episode, and 36% of participants had a diagnosis related to panic or anxiety 

disorders. Two participants had undergone hysterectomy.  

Of the 14 participants, eight were not taking any additional medication, 

one patient was taking trandolapril, one participant was taking zopiclone, one 

participant was taking opioid medication (prescribed by her family doctor), one 
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participant was taking levothyroxine, and one participant was taking meloxicam 

and rabeprazole. 

Tryptophan Depletion and Estradiol Measures 

There was a significant difference in tryptophan depletion levels from Sham 

(median = 12.2%) to ATD (median = 96.1%) conditions, z = -3.474, p < 0.0005. 

The ATD mean 92.2% (SD = 7.8%) is in the high end of the range reported in 

previous studies (55% - 94%) (Richard et al., 2009). There were no significant 

differences in estrogen measures at either morning or afternoon between ATD and 

Sham conditions. 

There were no significant correlations between morning or afternoon 

estrogen measurements and tryptophan depletion, in either Sham or ATD 

conditions.  

Mood and Vasomotor Symptoms 

Mood and vasomotor symptoms are reported in Table 2. Briefly, with the 

exception of the anger-hostility and vigor-activity subscales of the POMS, and 

sexual subscale of the GCS, all measures of mood and vasomotor symptoms from 

the POMS, GCS, MADRS and HFRDIS were significantly lower at Sham, 

compared to baseline. Compared to baseline, ATD measures for MADRS, 

HFRDIS, GCS and POMS were significantly lower, with the exception of the 

POMS subscales depression and vigor-activity, and the GCS subscales anxiety 

and sexual. Bonferroni corrected post-hoc tests indicated no differences between 
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Sham and ATD conditions in the MADRS, HFRDIS, or any of the POMS or GCS 

subscales.  

Emotional Conflict Task Behavioural Statistics 

Between condition differences 

There were no differences between the ATD and Sham conditions for overall RT 

or overall accuracy. In addition, there were no significant differences between 

ATD and Sham in RT or accuracy on congruent trials, incongruent trials, iI minus 

cI trials (incongruent adaptation), or on incongruent minus congruent trials 

(emotional Stroop). 

Within condition differences - Sham 

There was a significant emotional Stroop effect in the Sham condition, with 

significantly faster RT on congruent (median = 786 ms) compared to incongruent 

(median = 728 ms) trials z = -2.417, p = 0.016. However, there was no significant 

difference in accuracy on emotional Stroop (see Table 3).  

Differences in incongruent adaptation RT were not significant in the Sham 

condition. However, in the Sham condition, accuracy on iI trials was significantly 

higher (median = .92) than on cI trials (median = .89), z = -2.370, p = 0.018 (see 

Table 4).  

Within condition differences - ATD 

There was a significant emotional Stroop effect in the ATD condition, with 

significantly faster RT on congruent (median = 715 ms) compared to incongruent 
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(median = 769 ms) trials, z = -3.107, p = 0.002. However, there was no significant 

difference in accuracy on emotional Stroop (see Table 3).  

RT on iI trials was significantly slower (median = 781 ms) compared to cI 

trials (median = 763 ms) in the ATD condition, z = -2.103, p = 0.035 (see Table 

4), demonstrating the reverse of the pattern expected for incongruent adaptation. 

Differences in accuracy on incongruent adaptation were not significant in the 

ATD condition. 

Neuroimaging 

There were no significant differences between Sham and ATD for the comparison 

of All Faces, Congruent trials, or iI trials. 

There was lower BOLD activation in ATD compared to Sham on 

incongruent adaptation in bilateral angular gyrus, right superior division of lateral 

occipital cortex, left caudate, and temporooccipital part of middle temporal gyrus 

(see Table 4 and Figure 1). 

There was greater activation in ATD compared to Sham on incongruent 

trials in left thalamus and hippocampus (see Table 5). In addition, there was 

greater activation on cI trials in left hippocampus, thalamus, middle temporal 

gyrus, supramarginal gyrus, lateral occipital cortex, and cingulate gyrus. For the 

emotional Stroop, there was greater activation in ATD in left precuneus cortex, 

postcentral gyrus, angular gyrus, right cingulate gyrus, and bilateral superior 

parietal lobule, middle temporal gyrus, temporal occipital fusiform cortex, and 

lateral occipital cortex (see Figure 2). 
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Discussion 

This study utilized an fMRI Emotional Conflict Task to examine the effect of 

ATD and ET on emotional information processing in perimenopausal women. 

While there were no differences between conditions behaviourally, neuroimaging 

results indicated an overall increase in BOLD activity in discrete brain regions in 

ATD, compared to the Sham condition. 

Tryptophan Depletion and Estradiol Measures 

ATD was successful with a mean depletion of 92.2%, which is within the range of 

depletion percentages reported in the literature (Richard et al., 2009). 

Mood & Vasomotor Symptoms 

Although there was a significant reduction in mood and vasomotor symptoms 

among symptomatic midlife women after initiating ET, these symptoms did not 

resurface significantly in the ATD condition. There were no differences between 

Sham and ATD conditions in measures of mood or vasomotor symptoms, 

indicating that temporary tryptophan depletion was insufficient to reverse the 

benefits of ET on mood and vasomotor symptoms. 

Emotional Conflict Task Behavioural Statistics 

Behaviourally, there were no differences between Sham and ATD conditions in 

RT or accuracy on the Emotional Conflict Task, similar to findings using a 

traditional colour-word Stroop task in a female HC group undergoing ATD (Evers 

et al., 2006).  
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Within both Sham and ATD conditions, there was a robust emotional 

Stroop effect in both the Sham and ATD conditions as measured by RT, with 

faster RT on congruent compared to incongruent trials, as has been previously 

reported in healthy comparison groups (Etkin et al., 2006; Frey et al., 2010; 

Wortinger et al., 2017) and in a sample of early peri-menopausal to late 

menopausal mid-life women not receiving HT (Frey et al., 2010). However, the 

expected emotional Stroop effect of higher accuracy on congruent compared to 

incongruent trials (Etkin et al., 2006; Gold et al., 2015; Wortinger et al., 2017) 

was not demonstrated in Sham or ATD. This is similar to findings in a sample of 

early peri-menopausal to late menopausal mid-life women not receiving HT, 

using the same Emotional Conflict Task (Frey et al., 2010). This suggests that 

failure to detect an emotional Stroop effect in accuracy may not necessarily be 

related to the influence of ET in this sample.  

In the Sham condition, participants demonstrated incongruent adaptation 

in accuracy but not in RT. Similar results have been reported in a variety of 

emotional conflict tasks (Krug and Carter, 2010; Clayson and Larson, 2013; 

Chechko et al., 2014; Gold et al., 2015). Conversely, in the ATD condition, 

participants took significantly longer to respond on iI trials, compared to cI trials, 

which is the opposite of the expected pattern (Etkin et al., 2006; Chechko et al., 

2009), with no concomitant advantage conferred in emotional information 

processing. Failure of the conflict introduced in the first incongruent presentation 

of an iI trial to enhance the behavioural response to the second incongruent trial 
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demonstrates a lack of incongruent adaptation, which is also reflected in the lack 

of difference in accuracy in identifying the emotional expression in either trial 

type. Interestingly, this same pattern of slower RT on iI compared to cI trials and 

no incongruent adaptation in accuracy has been previously demonstrated in a 

group of mid-life women not receiving HT under regular testing conditions (Frey 

et al., 2010).  

Consider the possibility of two dissociable components to incongruent 

adaptation involving facilitation of task completion (RT) and competence in task 

execution (accuracy) (Gold et al., 2015). In this case, in the Sham condition, 

participants were able to demonstrate incongruent adaptation in task execution, 

without the concomitant facilitation in task completion. ATD did not enhance 

response execution and appears to have interfered with response facilitation, with 

a significant slowing of responses on iI compared to cI trials. These results may 

be contrasted to findings in which a group of mid-life women did not demonstrate 

incongruent adaptation in either task completion or execution, which suggests that 

ET may modulate this behavioural response in menopausal women (Frey et al., 

2010).  

Neuroimaging 

There was lower BOLD activity in ATD compared to Sham for the incongruent 

adaptation comparison in angular gyrus, lateral occipital cortex, caudate, and 

middle temporal gyrus. The middle temporal gyrus is involved in emotion 

cognition (Iidaka et al., 2001), while the caudate is a component in a circuit 
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important for emotion regulation (Alexander et al., 1986). Reduced BOLD 

activity in these regions, together with the attenuation of incongruent adaptation 

execution in the ATD condition and a reversal of the expected facilitation of 

response in incongruent adaptation suggests that serotonin may influence 

emotional information processing of conflicting emotional information. 

Greater BOLD activity in ATD compared to Sham on incongruent trials, 

cI trials, and emotional Stroop suggests that in ATD it may be necessary for 

additional neural regions to be recruited to compensate for a reduction in available 

serotonin to attain the same levels of behavioural responding as in the Sham 

condition.  

Conclusions 

In sum, ATD does not appear to affect mood, or vasomotor symptoms among 

women receiving treatment with ET. It is plausible to consider that the effects of 

ET on mood and thermoregulation are not primarily mediated by serotonergic and 

noradrenergic systems, respectively. Conversely, one could hypothesize that a 

high dose of transdermal ET was sufficient to secure a homeostatic state that 

prevents women from experiencing a rapid deterioration of mood while in ATD. 

Temporarily lowering serotonin levels through ATD, allows us to examine 

effect of low serotonin on processing of emotional information without the 

confound presented by low mood (Beacher et al., 2011). While behavioural 

responding was largely unaffected in ATD compared to Sham, it was interesting 

to observe the attenuation of incongruent adaptation in ATD compared to Sham. It 
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is possible that temporary tryptophan depletion is insufficient to elicit significant 

observable changes in mood and vasomotor symptoms, and that greater changes 

in emotional information processing might emerge only after prolonged 

tryptophan depletion. Just as Parkinson's symptoms aren't observed until striatal 

dopamine loss reaches approximately 80% (Fearnley and Lees, 1991). 

This is the first study to examine the effect of acute tryptophan depletion 

on emotional Stroop in a sample of midlife women receiving transdermal ET. A 

more detailed picture of the varied effects of ATD on mood, vasomotor 

symptoms, and emotional information processing may have emerged with the 

addition of a baseline Sham and ATD testing of participants prior to starting ET. 

Future studies may also include a neutral condition in the Emotional Conflict 

Task to observe how ATD may influence interpretation of a neutral or ambiguous 

facial expression of emotion.  

  



PhD Thesis.  GL ALDERS.  McMaster University, Graduate Program in Neuroscience 

 97 

Tables and Figures 

Table 1. Participant demographic information  

Variable  
Group n 14 
Right/Left handedX n (%) 8/2 (57%/14%) 
Age in years 51 ± 4.3 
Age at Menarche in years 13.5 ± 1.2 
Baseline MADRS 14 ± 7 
Baseline HFRDIS 40 ± 32 
  
STRAW Stages n (%)  
+1a (< 1 year since final menstrual period) 6 (43%) 
+1b (> 1 year since final menstrual period) 5 (36%) 
+1c (> 5 years since final menstrual period) 3 (21%) 
  
Ethnicity n (%)  
Aboriginal 1 (7%) 
Asian 1 (7%) 
Black/Afro-Caribbean/African 1 (7%) 
White/European 11 (79%) 
 
Level of Education Attained n (%) 

 

Some High School 1 (7%) 
Completed High School 1 (7%) 
Some College/University  3 (21%) 
Completed College/University/Graduate School 9 (64%) 
 
Marital Status n (%) 

 

Other 1 (7%) 
Separated/Divorced 4 (28%) 
Married/Domestic Partnership 8 (57%) 
Widowed 1 (7%) 
Note. Unless otherwise indicated, data are reported as Mean ± Standard 
Deviation. 
MADRS. Montgomery-Åsberg Depression Rating Scale.  
HFRDIS. Hot Flash Related Daily Interference Scale 
STRAW. Stages of Reproductive Aging Workshop + 10 staging system for 
reproductive aging in women.  
XData for four participants missing. 
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Table 2. Mood symptom assessment at baseline and post-drink ingestion in ATD and Sham conditions 

Instrument Variable Baseline Sham ATD Test# 

MADRS† Total Score 13.5 1.5** 1.0*** !2(2) = 20.32, p < 0.0005 

POMS Tension-anxiety 9 4* 4.5* !2(2) = 11.54, p = 0.003 

 Depression 9.5 0* 0 !2(2) = 11.53, p = 0.003 

 Anger-hostility 5.5 .5 0* !2(2) = 10.09, p = 0.006 

 Vigor-activity 11 16 14 !2(2) = 2.46, p = 0.292 

 Fatigue 9 4.5** 4** !2(2) = 16.13, p < 0.0005 

 Confusion-bewilderment 7.8 3* 3.5* !2(2) = 13.04, p = 0.001 

GCS Anxiety 6 2** 2.5 !2(2) = 10.11, p = 0.006 

 Depression 4.5 1*** 1** !2(2) = 20.32, p < 0.0005 

 Somatic 4 1.5* 2* !2(2) =10.92, p = 0.004 

 Vasomotor 2.5 .5* 1* !2(2) = 13.56, p = 0.001 

 Sexual 1.5 .5 0 !2(2) = 5.20, p = 0.074 

HFRDIS‡ Total 42 1** 1.5** !2(2) = 16.55, p < 0.0005  

MADRS – Montgomery-Åsberg Depression Rating Scale; POMS – Profile of Mood States; GCS – Greene Climacteric Scale; HFRDIS – 
Hot Flash Related Daily Interference Scale –  
†MADRS was completed only prior to morning drink ingestion during Sham and ATD testing. 
‡Participants were instructed to consider the ratings as applying 'in the past week'; Data missing for one participant at Baseline.  
#Related-Samples Friedman's Two-Way Analysis of Variance by Ranks, with Bonferroni corrected post-hoc comparisons indicate 
significant difference from baseline at: *p < 0.05, ** p < 0.01 *** p < 0.001  
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Table 3. Emotional Stroop effect in the Emotional Conflict Task, as measured by reaction time and accuracy, in Sham and 

ATD conditions 

Condition Incongruent Reaction Time Congruent Reaction Time Test# 

Sham 787 728 z = -2.417, p = 0.016* 

ATD 769 715 z = -3.107, p = 0.002* 

    

 Incongruent Accuracy Congruent Accuracy  

Sham .91 .92 z = 1.538, p = 0.124 

ATD .91 .91 z = -0.471, p = 0.638 

Note: Medians are reported 
* significant at p = 0.05; # Related-Samples Wilcoxon Signed Rank Test 
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Table 4. Incongruent Adaptation in the Emotional Conflict Task, as measured by reaction time and accuracy in Sham and ATD 

conditions 

Condition iI Reaction Time cI Reaction Time Test# 

Sham 771 790 z = 0.758, p = 0.433 

ATD 781 763 z = -2.103, p = 0.035* 

    

 iI Accuracy cI Accuracy  

Sham .92 .89 z = -2.370, p = 0.018* 

ATD .91 .89 z = -0.358, p = 0.720 

Note: Medians are reported. iI (incongruent trial preceded by an incongruent trial), cI (incongruent trial preceded by a congruent trial). 
* significant at p = 0.05; # Related-Samples Wilcoxon Signed Rank Test 
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Table 5. Comparison of Sham > ATD, in the Emotional Conflict Task, fMRI Results 

Comparison/ 

Anatomical Region 

BA MNI Coordinates t-value* Cluster 

Size  x y z  

iI minus cI trials         

Angular gyrus 39  42 -52 30  7.95 86 

Caudate 48  -14 12 12  7.35 82 

Lateral occipital cortex, superior division 7  20 -60 58  5.81 66 

Lateral occipital cortex, superior division 7  32 -60 54  4.34  

Angular gyrus 39  -40 -60 34  5.66 65 

Middle temporal gyrus, temporooccipital part 39  -54 -52 10  5.54 51 

Middle temporal gyrus, temporooccipital part 39  -46 60 10  5.46  

Angular gyrus 39  -46 54 16  4.21  

Note: iI (incongruent trial preceded by an incongruent trial), cI (incongruent trial preceded by a congruent trial). BA = Brodmann Area. 
*Results are uncorrected at p < 0.001, extent threshold, 50 voxels. 
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Table 6. Comparison of ATD > Sham, in the Emotional Conflict Task, fMRI Results 
Comparison/ 
Anatomical Region 

BA  MNI 
Coordinates 

 t-value* Cluster 
Size 

 x y z  
Incongruent trials         
Thalamus/Hippocampus 50  -18 -36 4  5.51 55 
 
cI trials 

        

Thalamus -  -6 -26 16  4.52 58 
Thalamus -  -16 -30 16  3.52  
Middle temporal gyrus, temporooccipital part 39  -52 -56 10  3.81 79 
Supramarginal gyrus, posterior division -  -46 -48 14  3.27  
Lateral occipital cortex, inferior division 39  -50 -64 12  3.19  
Hippocampus -  -16 -38 4  3.72 88 
Thalamus -  -26 -32 0  3.64  
Cingulate gyrus, posterior division 30  -12 -44 8  3.31  
 
Incongruent minus Congruent trials 

        

Postcentral gyrus -  -18 -46 46  8.08 74 
Superior parietal lobule 7  -28 -50 44  5.97  
Precuneus cortex 7  -10 -46 48  4.16  
Precuneus cortex -  -18 -56 38  8.01 81 
Cerebral white matter -  30 -18 32  7.66 59 
Cerebral white matter -  40 -24 32  7.11  
Superior parietal lobule -  22 -54 42  7.55 745 
Precuneus cortex 31  -2 -48 44  6.98  
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Table 6. (Continued) 
Comparison/ 
Anatomical Region 

BA  MNI 
Coordinates 

 t-value* Cluster 
Size 

 x y z  
Incongruent minus Congruent trials         
Cingulate gyrus, posterior division 23  14 -42 34  6.57  
Precuneus cortex -  -28 -58 2  6.95 110 
Temporal occipital fusiform cortex -  -36 -46 -8  6.86  
Temporal occipital fusiform cortex -  38 -52 -6  6.85 69 
Middle temporal gyrus, temporooccipital part   42 -48 6  5.22  
Angular gyrus 21  -44 -52 12  6.48 79 
Middle temporal gyrus, posterior division   -44 -42 2  5.44  
Lateral occipital cortex, superior division 39  42 -64 20  6.04 52 
Lateral occipital cortex, superior division 19  40 -74 22  5.30  
Hippocampus -  -18 -42 6  5.35 65 
Precuneus cortex 23  -14 -50 12  5.26  
Precuneus cortex 30  -20 -50 6  4.85  
Lateral occipital cortex, inferior division 37  -54 -64 -4  5.18 94 
Lateral occipital cortex, inferior division 19  -44 -70 -2  4.84  

Note: cI (incongruent trial preceded by a congruent trial). BA = Brodmann Area.  
*Results are uncorrected at p < 0.001, extent threshold 50 voxels. 
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Figure 1. Incongruent Adaptation: Sham > ATD 

As described in Table 5, activation in right angular gyrus (t = 7.95, uncorrected) is 

greater in Sham compared to ATD condition. MNI coordinates: (x = 42, y = 52, z 

= 30). Statistical maps are superimposed on MNI 152 T1 1 mm standard brain 

averaged group image and presented in neurological convention. Results are 

uncorrected at p < 0.001, extent threshold 50 voxels. 
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Figure 2. Emotional Stroop: ATD > Sham 

As described in Table 6, activation in left precuneus extending to right superior 

parietal lobule and posterior cingulate cortex (Brodmann areas R 23/L31), (t = 

7.55, uncorrected) is greater in ATD compared to Sham conditions. MNI 

coordinates: (x = -2, y = -48, z = 44). Statistical maps are superimposed on MNI 

152 T1 1 mm standard brain averaged group image and presented in neurological 

convention. Results are uncorrected at p < 0.001, extent threshold 50 voxels. 
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Abstract 

Background: Individuals with depression exhibit attenuated reactivity to both 

positive and negative emotional stimuli. This study examined differences in 

behavioural performance and in blood-oxygen level dependent (BOLD) neural 

activation patterns between unmedicated individuals with major depressive 

disorder (MDD) and healthy comparison participants (HC) on an emotional 

conflict task. 

Methods: We studied 48 MDD and 30 HC who performed an emotional conflict 

task in a functional magnetic resonance imaging (fMRI) scanner. 

Results: On the emotional conflict task, MDD and HC demonstrated a robust 

emotional Stroop effect in reaction time and accuracy. Overall accuracy was 

lower in MDD compared to HC with no significant reaction time differences. The 

fMRI data indicated lower BOLD activation in MDD compared to HC on 

comparisons of all trials, congruent, incongruent, and incongruent > congruent 

trials in regions including right inferior temporal gyrus, lateral occipital cortex, 

and occipital fusiform gyrus. Behavioural and neuroimaging data indicated no 

group differences in fearful versus happy face processing. 

Limitations: Inclusion of a neutral condition may have provided a valuable 

contrast to how MDD and HC process stimuli without emotional valence 

compared to stimuli with a strong emotional valence.  

Conclusions: MDD and HC demonstrated a robust emotional Stroop effect. 

Compared to HC, MDD demonstrated an overall reduced accuracy on the 
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emotional conflict task and reduced BOLD activity in regions important for face 

perception and emotion information processing, with no differences in responding 

to fearful versus happy faces. These findings provide support for the theory of 

emotion context insensitivity in individuals with depression. 

Key Words: major depressive disorder, depression, emotion recognition, Stroop, 

emotional Stroop, emotional conflict task, fMRI. 

  



PhD Thesis.  GL ALDERS.  McMaster University, Graduate Program in Neuroscience 

 119 

Introduction 

Individuals with depression exhibit attenuated reactivity to both positive and 

negative emotional stimuli (Rottenberg et al., 2005), with a tendency to express 

negative attentional biases (Peckham et al., 2010). Such a bias can translate into 

negative consequences in social interactions and affect decision-making with 

further consequent social outcomes (Scheele et al., 2013). The human face is an 

important source of dynamic emotional information in human interpersonal 

interactions. Darwin posited that fearful facial expressions evolved to convey 

information about dangerous situations, so that others could prepare for or prevent 

perilous circumstances (Darwin, 1872). There is evidence that individuals with 

major depressive disorder (MDD) show enhanced fear recognition (e.g., 

Bhagwagar et al., 2004), perhaps reflecting an overall negative bias when 

interpreting emotional stimuli. This tendency may also interact with a reciprocal 

bias involving decreased attention to positive emotional stimuli (Bourke et al., 

2010; Duque & Vazquez, 2015), culminating in an overall reduction in emotional 

reactivity (Bylsma et al., 2008).  

In a variation of the classical Stroop, which uses congruent and 

incongruent colour word labels (i.e., the word red displayed with red or blue 

letters) (Stroop, 1935), the Emotional Conflict Task (Etkin et al., 2006) uses both 

task-relevant and task-irrelevant information, which is emotionally valenced. The 

task comprises a series of happy or fearful facial expressions, on which an 

emotion word label that is either congruent or incongruent with the face emotion 



PhD Thesis.  GL ALDERS.  McMaster University, Graduate Program in Neuroscience 

 120 

is superimposed. The task measures the cognitive cost of suppressing task-

irrelevant valenced stimulus features (the printed name of an emotion) to attend to 

task-relevant emotional information (the affect of a specific facial expression). 

The emotional Stroop effect is identified by increased reaction time (RT) on 

incongruent, compared to congruent trials (Hill & Knowles, 1991) and has been 

demonstrated in both healthy comparison participants (HC) (Chechko et al., 2009; 

Cheng et al., 2015; Etkin et al., 2006; Etkin & Schatzberg, 2011; Fournier et al., 

2017; Wortinger et al., 2017) and in MDD (Etkin & Schatzberg, 2011; Fournier et 

al., 2017). An emotional Stroop effect in accuracy has also been reported on 

incongruent compared to congruent trials (Etkin et al., 2006; Favre et al., 2015; 

Fournier et al., 2017; Rey et al., 2014; Torres-Quesada et al., 2014). Comparing 

HC and unmedicated MDD, differences have not been observed in behavioural 

measures of accuracy and RT on a functional magnetic resonance imaging (fMRI) 

Emotional Conflict Task (Etkin et al., 2006; Fournier et al., 2017). Furthermore, 

one of the above studies failed to identify significant group differences between 

HC and MDD in blood oxygen-level dependent (BOLD) neural activity for 

incongruent versus congruent trials (Fournier et al., 2017). 

In the Emotional Conflict Task, participant responses to one trial can be 

affected by the type of trial immediately preceding it. For example, in HC when 

an incongruent trial was preceded by a congruent trial (cI trial), the RT on the 

incongruent trial was slower (Chechko et al., 2009; Etkin et al., 2006; Etkin & 

Schatzberg, 2011), compared to an incongruent trial immediately preceded by an 
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incongruent trial (iI trial). Similar results have been shown in patients with MDD 

with slower RT on cI compared to iI trials (Etkin & Schatzberg, 2011). 

Incongruent trials generate a conflict flag that recruits cognitive resources to 

suppress task irrelevant stimuli (reading the name of the emotion). In the instance 

of an iI trial, a recognition of similar cognitive demands as the preceding 

incongruent trial results in a type of incongruent adaptation that is expressed in 

decreased RT to the second consecutive incongruent trial (Etkin et al., 2006; 

Sheth et al., 2012).  

Healthy adults performing the Emotional Conflict Task show increased 

activity in rostral anterior cingulate cortex (Etkin et al., 2006) and ventral 

cingulate cortex (Etkin & Schatzberg, 2011), as well as reduced activity in the 

amygdala (Etkin et al., 2006; Etkin & Schatzberg, 2011) on iI compared to cI 

trials. By contrast, an unmedicated MDD group demonstrated decreased activity 

in ventral cingulate, and no changes in amygdala activation, compared to HC 

(Etkin & Schatzberg, 2011).  

The objective of the present study was to examine differences in 

performance and brain activation patterns between unmedicated individuals with 

MDD and HC participants on an emotional conflict task. This study was 

conducted within the Canadian Biomarker Integration Network in Depression 

(CAN-BIND-1). A detailed description of the trial design has been published 

(Kennedy et al., 2019; Lam et al., 2016; MacQueen et al., 2019). We expected to 

find a robust emotional Stroop effect in both HC and MDD reflected in RT (Etkin 
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& Schatzberg, 2011; Fournier et al., 2017) and accuracy (Fournier et al., 2017). 

Between groups, we did not expect to see a significant difference in overall RT, or 

adaptation to iI trials (Etkin & Schatzberg, 2011). Accuracy has been reported 

lower in MDD compared to HC (Dalili et al., 2015; Rubinow & Post, 1992), 

while other studies have not found a difference (Etkin et al., 2006; Fournier et al., 

2017). At the brain activity level, we expected to see greater BOLD activation in 

MDD in lateral prefrontal regions, to achieve similar levels of performance (Etkin 

& Schatzberg, 2011). Relative to HC, we expected to see less activity in anterior 

cingulate cortex in MDD on fear > happy trials, as negative expressions of affect 

are more similar to the emotional milieu participants with MDD experience 

(Davidson et al., 2003). 

Materials and Methods 

Participants 

In the CAN-BIND-1 study, 86 MDD and 59 HC completed the Emotional 

Conflict Task. Institutional ethics boards at each site approved the study. 

Individuals with MDD were included if they met the following criteria: age 

between 18 and 60 years, Diagnostic and Statistical Manual IV-TR (American 

Psychiatric Association, 1994) criteria for a major depressive disorder as 

evaluated with the Mini International Neuropsychiatric Interview (MINI; Sheehan 

et al., 1998), the duration of the major depressive episode (MDE) was three 

months or longer, patients were free of psychotropic medication for at least five 

medication half-lives before baseline testing, scored 24 or greater on the 
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Montgomery-Åsberg Depression Rating Scale (MADRS; Montgomery & Åsberg, 

1979), and had adequate English language fluency to complete questionnaires and 

interviews. Exclusion criteria for MDD participants included: accompanying 

psychosis in current MDE, failure of four or more adequate pharmacological 

interventions, previous intolerance or non-response to escitalopram or 

aripiprazole, having initiated psychological treatment in the past three months 

with the intention of maintaining treatment, bipolar diagnosis, other primary 

psychiatric diagnoses, significant personality disorder that would preclude 

participant from completing the protocol (as judged by a clinician), or high 

suicide risk. Exclusion criteria for both HC and MDD included substance 

abuse/dependence in past six months, significant head trauma/neurological 

disorders or other unstable medical conditions, breastfeeding or pregnancy, or 

inability to participate in MRI portion of study. All participants provided written 

informed consent and were compensated for study participation. 

Participants completed cognitive and fMRI measures at baseline, 2 weeks, 

and 8 weeks after starting treatment with escitalopram 10-20 mg/day. Only 

participants who completed all three time points were considered for inclusion in 

the study. Due to the volume of information generated by the current study, this 

paper focuses on within and between group comparisons at baseline only. 

Longitudinal within and between group comparisons will be published separately.  
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Study Procedure 

Depression severity was assessed with the MADRS. Demographic, diagnostic, 

and psychiatric episode data were collected through interviews, and standardized 

self-report questionnaires (Kennedy et al., 2019; Lam et al., 2016; MacQueen et 

al., 2019). 

The Emotional Conflict Task was used for fMRI data acquisition with a 

previously published trial sequence and parameters (Frey et al., 2010). The task 

comprises 148 black and white images (Ekman & Friesen, 1976) of fearful or 

happy faces, cropped to expose only the face. Each image was presented with the 

word "HAPPY" or "FEAR" in bold red uppercase lettering, overlaid on the image 

just below the bridge of the nose. Equal numbers of congruent (face affect and 

word label match) and incongruent (face affect and word do not match) 

presentations were counterbalanced and presented in two individual runs. Each 

run presented 74 stimuli and lasted 6 minutes and 35 seconds. Prior to the 

experiment, participants briefly practiced the task outside of the scanner to ensure 

instruction comprehension. Images were presented to participants in an MRI 

scanner using E-Prime version 2 (Schneider et al., 2002). Images were presented 

for 1 second. Participants were instructed to ignore the word printed on the face 

and identify the emotional affect observed in the face as accurately and quickly as 

possible, using a button box. Inter-trial intervals were jittered and varied between 

3 and 5 seconds, during which participants were presented with a fixation cross. 

RT and accuracy were evaluated. Emotional Stroop effect refers to the longer RT 
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and decreased accuracy that occur when participants respond to incongruent trials, 

as compared to congruent trials. Incongruent adaptation ensues when 

performance, as measured by RT, improves on an iI trial, as compared to 

performance on a cI trial. Trials analyzed were: congruent, incongruent, happy, 

fearful, cC (congruent preceded by congruent trial), cI (incongruent preceded by 

congruent trial), iC (congruent preceded by incongruent trial), iI (incongruent 

preceded by incongruent trial). 

For RT analysis, error trials, post-error trials (the trial following an error 

trial), and trials with an RT > 2 standard deviations above or below the trial type 

mean, were not included. The commission error threshold was set at 25% per run, 

and the threshold of total allowable errors (combined omission and commission 

errors) was set at 30% per run. For accuracy calculations, trials with an RT > 2 

standard deviations from the trial type mean and post-error trials were included. 

Accuracy was calculated with the formula:  

 

%	$orrect	trial	type = 	 1 − (trial	type	errors)
(number	of	events	for	trial	type) 

Error trials were excluded in neuroimaging analyses of incongruent, congruent, 

happy, fearful, cI and iI trials and post-error trials were excluded from cI and iI 

trial analyses. For the neuroimaging analysis of all trials, all trials were included, 

regardless of RT or accuracy. 
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Participants also completed the computerized neurocognitive test battery 

CNS-Vital Signs (CNS-VS; Gualtieri & Johnson, 2006). Standardized domain 

scores (adjusted for age and sex) for RT, cognitive flexibility, executive 

functioning, and simple Stroop RT were included in our analysis. 

Functional MRI Data Acquisition 

Images were acquired on five 3 T whole body MRI scanners (one Tim Trio from 

Siemens, Germany; one Intera Achieva from Philips, Netherlands; one Signa 

HDxt and two Discovery MR 750 from GE Healthcare, USA), using multi-

channel receive head coils. Whole head fMRI images were acquired with 4.0 mm 

isotropic voxels using a T2*-weighted single-shot echo-planar gradient echo 

imaging sequence: FOV=256×256 mm; matrix=64×64; 36–40 4 mm oblique 

slices with no gap; TR=2000 ms, TE = 30 ms2, flip angle=75º; parallel imaging 

R=2. Excluding discarded volumes, 376 volumes were collected per session, 

across 12.5 minutes scan time. Any deviations from the stated acquisition 

parameters at individual sites are listed in Table S2. 

Preprocessing of fMRI data was performed using the OPPNI 

preprocessing pipeline v07.3.1_06JUL2017 (Churchill et al., 2015; Strother, 

2006). Briefly, principal component analysis (PCA) was applied to the 4D fMRI 

dataset, to identify the volume with the smallest Euclidean distance from the 

median coordinates in PCA space which was considered as the volume with the 

least head displacement. This brain volume was used as a reference for the 

Motion Correction (MOTCOR) step. Next, rigid-body MOTCOR was applied 
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using AFNI’s (Cox, 1996) 3dvolreg algorithm, transforming each 4D image to 

match the volume with minimum estimated displacement. Outlier brain volumes 

were censored by removal and replacement with interpolated values from adjacent 

volumes (Campbell et al., 2013; Churchill et al., 2015). Following this, AFNI’s 

3dTshift algorithm was used to perform slice-timing correction. To match spatial 

smoothing across MRI scanners at different sites, AFNI’s 3dBlurToFWHM was 

used to smooth fMRI images to the smoothness level of FWHM=6mm in three 

directions (x, y, z)(Friedman et al., 2006). AFNI’s 3dAutomask algorithm was 

used to obtain a binary mask excluding non-brain voxels which was then applied 

to all echo planar imaging volumes prior to subsequent pipeline steps. 

Neuronal tissue masking was performed using the PHYCAA+ algorithm 

(Churchill & Strother, 2013) to estimate task-run and subject-specific neural 

tissue masks. Next, nuisances regressors were calculated and regressed out from 

the data concurrently via general linear model (GLM). Temporal trends were 

modeled using a second-order Legendre polynomial basis set. Head motion 

effects were modeled using six subject motion parameter estimates (MPEs) 

obtained from the MOTCOR step. PCA was then performed on the MPEs and the 

1-k principle components (PC) accounting for 85% motion variance were 

regressed out. Next, global signal regression was performed by regressing out the 

first PC from PCA analysis of the fMRI data. Finally, the task paradigm was 

convolved with AFNI’s ‘SPMG1’ hemodynamic response function using 
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3dDeconvolve and this regressor was included in the GLM with other regressors 

mentioned above.  

Preprocessed fMRI output files were then analysed in the same space we 

aligned to the Montreal Neurological Institute (MNI) template (4 mm resolution) 

using a two-step registration process utilizing FLS’s (Jenkinson et al., 2012) 

FLIRT module. First, a participant's fMRI scan was aligned to their own structural 

T1 image. Second, the structural image was registered to the MNI template. The 

transformations from these steps were then combined to align each individual 

fMRI scan to the MNI template. First level analysis on individual runs was 

performed using FSL's FEAT Version 6.00. A high pass filter cut off of 100 

seconds was applied to the data. Image registration was applied with a normal 

linear search with 3 degrees of freedom (translation only) to the standard MNI 

152 T1 2 mm brain, and images were FILM prewhitened.  

Scans with excessive motion were removed from the analysis based on 

multivariate outlier detection applied to the motion displacement parameters (see 

supplemental for more details). 

Higher level analyses were completed with FSL's FEAT. Using mixed 

effects FLAME 1 design, Z (Gaussianised T/F) statistic images were thresholded 

non-parametrically at Z > 2.3 based on the recommendation in Eklund et al. 

(2016) and a (Bonferroni corrected) cluster significance threshold of p = 0.007. 

Behavioural and demographic data analysis was completed with SPSS 23 (IBM 

Corporation, 2015). Bonferroni correction for multiple comparisons was applied, 
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with the exception of the emotional Stroop behavioural results for congruent 

versus incongruent trials and incongruent adaptation (iI versus cI trials) 

comparisons, for which a strong directional prediction existed. 

Results 

A total of 145 participants were enrolled. Discovery of incidental neurological 

findings led to the removal of three participants, and a further 14 participants 

withdrew from the study or did not complete all three study visits. Runs lost due 

to technical difficulties, error rates greater than 30%, poor image quality or 

excessive motion during fMRI, or missing data equaled 36% (see Table S1). The 

final sample of 78 participants who completed at least one successful run at each 

time point (baseline, week 2 and week 8) comprised 30 HC (73% female), and 48 

MDD (69% female). Only baseline data are reported here. 

There were no between-group differences in distribution of sex, 

handedness, mean age, level of education attained, or marital status (see Table 1).  

Behavioural Analyses 

There were no significant between-group differences on measures of RT. Overall 

accuracy was significantly lower in MDD compared to HC (see Table 2).  

There was a robust within-group Stroop effect for both RT and accuracy in 

both the MDD and HC groups (see Table 3). Incongruent adaptation was 

significant for the HC group only for RT. Conversely, incongruent adaptation was 

significant for MDD only for accuracy (see Table 3).  
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There were no significant differences between MDD and HC on mean 

accuracy and RT measures on trials with the word 'FEAR', minus trials with the 

word 'HAPPY', or on trials with fearful faces minus trials with happy faces. 

Finally, there were no significant differences between MDD and HC on 

CNS-VS measures for RT, cognitive flexibility, executive functioning, or simple 

Stroop RT. 

fMRI Analyses 

Neuroimaging results are reported in Table 4. Overall, there was less activation in 

MDD compared to HC across all trials and when examining contrasts of 

congruent trials, incongruent trials or the incongruent > congruent trials. In the 

incongruent > congruent trials comparison there was lower activity in MDD 

compared to HC in three distinct regions: (1) right posterior division of 

supramarginal gyrus extending to postcentral gyrus, superior parietal lobule, and 

posterior division of middle temporal gyrus, and left anterior division of cingulate 

gyrus (see Figure 1); (2) right putamen and insular cortex; (3) left putamen and 

insular cortex extending to thalamus. Between group comparisons were not 

significant for activation to iI > cI trials, fear word > happy word trials, and fear 

face > happy face trials. 

Discussion 

This study explored changes in brain activation associated with performance on 

an fMRI emotional conflict task, examining differences between unmedicated 

individuals with MDD and HC.  
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On the Emotional Conflict Task, MDD and HC demonstrated a robust 

emotional Stroop effect indicated in both accuracy and RT, as has been previously 

reported (Chechko et al., 2009; Cheng et al., 2015; Etkin et al., 2006; Etkin & 

Schatzberg, 2011; Fournier et al., 2017; Wortinger et al., 2017). However, overall 

accuracy was lower in MDD compared to HC, in contrast to other studies that 

have not found group differences in accuracy or RT on an Emotional Conflict 

Task (Etkin et al., 2006; Fournier et al., 2017). With no significant group 

differences in measures of cognitive function or RT as assessed with the CNS-VS, 

and no group differences in RT on the Emotional Conflict Task, we suggest that 

poorer ability to recognize facial expressions of emotion in MDD participants is 

not due to a speed-accuracy trade-off or to an overall reduction in cognitive 

abilities.  

On measures of incongruent adaptation, HC demonstrated faster RT, with no 

significant difference in accuracy, a pattern previously reported (Chechko et al., 

2009; Etkin et al., 2006), but see also Gold et al. (2015), who did not find faster 

RT on iI versus cI trials in a group of 41 healthy participants. Conversely, for 

MDD, the expected response potentiation on the second of two consecutive 

incongruent trials (Etkin & Schatzberg, 2011) was reflected in accuracy scores but 

did not translate into the expected faster RT. Other studies have detected 

incongruent adaptation in accuracy but not RT in variations of emotional conflict 

tasks (Clayson & Larson, 2013; Krug & Carter, 2010), leading Gold et al. (2015) 

to consider whether incongruent adaptation necessarily involves both competence 
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in task execution (accuracy) and facility (RT). This suggests that in an 

unmedicated MDD group incongruent adaptation confers the benefit of improved 

competence in facial emotion recognition, without facilitated response time on the 

second of two consecutive incongruent trials. 

In the functional imaging findings, regions engaged to a lesser degree in 

MDD on a number of comparisons, included the occipital fusiform gyrus, 

important for perception of static and dynamic facial information (Kanwisher et 

al., 1997; Parvizi et al., 2012), the lateral occipital cortex, important for 

processing structural aspects of the face and emotion recognition (Nagy et al., 

2012; Pitcher et al., 2008), and the superior temporal sulcus, important for 

identifying dynamic facial features (Puce et al., 1998), the sum of which comprise 

the core neural network for face perception (Haxby et al., 2000). Greater 

activation in bilateral fusiform gyri, and inferior and middle occipital gyri have 

been associated with resolving conflict in an emotional conflict task (Chechko et 

al., 2012). Lower activation in regions important for face perception and for 

resolving emotional conflict may be associated with the overall lower accuracy 

observed in the MDD group. 

In addition, there was lower activation in MDD compared to HC on 

incongruent trials in left planum temporale, which has been implicated in silent 

single word reading (Buchsbaum et al., 2005), the anterior division of the 

supramarginal gyrus, which may be involved in automatic reading (Stoeckel et al., 

2009), the parietal operculum cortex, and the postcentral gyrus. The emergence of 
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the Stroop effect is contingent on interference caused by the automaticity of 

reading, with interference increasing as the degree of semantic relatedness 

between the irrelevant word and the relevant stimulus dimension increases 

(MacLeod, 1991). In spite of lower activation in regions important for face 

perception and word reading in the MDD group, a robust Stroop effect was still 

observed.  

For the emotional Stroop contrast (incongruent > congruent trials), MDD 

patients exhibited reduced activation compared to HC in a large region 

encompassing right supramarginal and postcentral gyri, superior parietal lobule, 

anterior cingulate cortex (ACC) and the middle temporal gyrus. The ACC has 

been associated with processing of sensory information, and vigilance and 

monitoring in a colour-word Stroop task (Peterson et al., 1999). The ACC plays a 

key role in integrating information to regulate affect, with connections to regions 

important for emotion, autonomic responding, reward, and memory (Stevens et 

al., 2011). Further, ACC activity increases when cognitive interference requires 

greater behavioural adjustment (Carter et al., 2000; Sheth et al., 2012; Wilk et al., 

2012), initiating top-down adaptations in cognitive control to attenuate conflict 

(Botvinick et al., 2004). Single cell recordings in human dorsal anterior cingulate 

cortex (dACC) confirm greater response at the level of individual neurons, to 

greater levels of cognitive interference (Sheth et al., 2012). Damage to dACC 

extinguishes the incongruent adaptation effect in RT, while accuracy scores 

remained unchanged, demonstrating that intact dACC functioning is necessary for 
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the preservation of incongruent adaptation (Sheth et al., 2012). This suggests that 

a reduction in dACC activity may be associated with difficulties integrating 

information from recent responses to adjust to demands of future responses. 

Furthermore, we also observed large regions of reduced activity in MDD on the 

emotional Stroop contrast encompassing bilateral putamen and insular cortex, and 

left thalamus, compared to HC. Insular cortex, a region often co-activated with 

ACC (Medford & Critchley, 2010), as is the case here, may initiate emotional 

awareness by combining top-down prognostic information with bottom-up 

stimulus-driven interoceptive information (Gu et al., 2013). In addition, the insula 

integrates information from the environment with visceral information from the 

body and is associated with overall processing of emotional information, 

regardless of the valence (Gogolla, 2017). The thalamus is important for relaying 

sensory information to the cerebral cortex (Kastner et al., 2006; McAlonan et al., 

2006; Usrey & Alitto, 2015).  

A number of the regions identified as less active in MDD compared to HC 

on the emotional Stroop comparison are recognized as part of the “limbic” ACC-

basal ganglia-thalamocortical circuit (Alexander et al., 1986). Studies of 

functional connectivity in MDD compared to HC have indicated reduced 

connectivity in MDD between the nucleus accumbens and ventral rostral 

putamen, and subgenual ACC and ventromedial prefrontal cortex (Furman et al., 

2011) and pregenual ACC and caudate nucleus (Davey et al., 2012). Additionally, 
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volumetric reductions have been observed in ACC, putamen, and caudate nucleus 

of people with MDD (Bora et al., 2012).  

The most striking finding is an overall reduced level of task-related neural 

activity in MDD compared to HC, in addition to no between group differences in 

behavioural or BOLD activity to fear > happy trials. This suggests that patients 

did not show a negative bias in interpreting emotional stimuli, as some studies 

have observed (Bhagwagar et al., 2004; Scheele et al., 2013), but rather the 

overall reduced accuracy suggests a reduced sensitivity to valence in general. The 

emotion context insensitivity hypothesis (Rottenberg et al., 2005), posits that an 

overall reluctance to engage in motivated action, expressed as a hesitation to 

respond to or act on salient emotional cues in the external environment, regardless 

of their valence, may explain reduced emotional reactivity in MDD.  

These findings stand in contrast to Fournier et al. (2017), who did not 

detect group differences in BOLD activity between unmedicated MDD and HC 

groups, despite having a large MDD sample size (n = 135), and Etkin and 

Schatzberg (2011), who observed recruitment of lateral anterior prefrontal regions 

in MDD. These contrasting findings can be contextualized within the framework 

of the National Institute of Mental Health's Research Domain Criteria initiative 

(RDoC), which seeks to incorporate empirical data from neuroscience and 

genetics into developing a cross-diagnostic classification rubric (Insel et al., 

2010). Disorders such as MDD that may be unified under a specific DSM-IV 

category may demonstrate heterogeneous results in response to laboratory or 
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cognitive testing, which may be informative in identifying MDD patients with 

specific phenotypes for whom different treatment trajectories may be pursued 

(Insel et al., 2010). In light of these observations, we limit possibilities within 

treatment development and drug discovery with strict adherence to DSM-V 

clinical diagnoses (McIntyre, 2014). However, adopting the RDoC method that is 

domain-specific and multilateral in its approach (McIntyre, 2014) and aiming at, 

for example, the cognitive sub-domain of impaired emotion recognition across a 

series of diagnoses such as autism, Turner syndrome, Parkinson's disease, 

Huntington's disease, or Wilson's disease, to name a few, may be a more 

successful approach to driving new drug discovery and development (Fonseka et 

al., 2015). 

Assessing emotional information processing prior to treatment begin may 

be helpful in predicting treatment response trajectory. Some studies have 

suggested that emotional information processing skills may provide the necessary 

cognitive framework for future changes in mood symptoms to develop 

(Godlewska et al., 2016; Harmer & Cowen, 2013; Tranter et al., 2009). 

Significant improvement in emotion recognition in MDD patients following 1 

week (Shiroma et al., 2014) or 2 weeks (Tranter et al., 2009) of treatment with 

SSRI citalopram or 1 week of treatment with escitalopram (Godlewska et al., 

2016) are correlated with clinical treatment response. The mechanism behind 

early improvements in emotional information processing after starting 

pharmacological treatment, and prior to observing changes in mood symptoms, 
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may involve the more immediate effects of increased levels of serotonin in the 

synaptic cleft, resulting in serotonin potentiation (Harmer & Cowen, 2013). 

Longer-term exposure to SSRIs may contribute to neuromodulation of the 

serotonergic system that will ameliorate mood symptoms through mechanisms 

such as neurogenesis in hippocampal dentate gyrus (Boldrini et al., 2012; Boldrini 

et al., 2009), contributing to the delayed subjective experience of improved 

clinical response (Harmer & Cowen, 2013). In the search for a biomarker for 

treatment prediction, assessing emotional information processing ability prior to 

treatment begin may be helpful in predicting response trajectory. 

One limitation of the current study is the structure of the Emotional 

Conflict Task. While the colour word Stroop task is considered an example of a 

“cold” measure of cognition, as information processing occurs devoid of an 

emotional tone, the Emotional Conflict Task is an example of “hot” cognition, 

due to the emotional nature of the stimuli (Roiser & Sahakian, 2013), and the lack 

of a neutral condition. Rosier & Sahakian (2013) assert that negative thinking and 

expectations in MDD, as defined in the framework of Beck's cognitive model of 

depression (Beck, 2002), may cause individuals with MDD to cognitively ascribe 

“heat” or emotion to neutral stimuli or conversely, that alterations in 

neurotransmission in individuals with MDD may compromise bottom-up analysis 

of emotional stimuli. However, emotion recognition and response selection is 

likely to rely on both emotional and cognitive information, as these systems 

appear to be deeply integrated, rather than orthogonal (Pessoa, 2008).  
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This study examined the differences in behavioural and neural activity in 

unmedicated MDD and HC on an Emotional Conflict task. While both groups 

exhibited a robust emotional Stroop effect in both RT and accuracy measures, 

overall, accuracy was lower in MDD, and patients demonstrated incongruent 

adaption in accuracy. Patients also exhibited reduced neural activity across a 

number of contrasts related to Stroop performance compared to HC, suggesting an 

overall reduced level of sensitivity to emotionally valenced stimuli in the MDD 

group.  
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Tables and Figures 

Table 1. Demographic information  

Variable MDD HC Test 
Group n 48 30 -- 
Female n (%) 33 (69%) 22 (73%) X2(1, N = 78) = 0.187, p = 0.666 
Right handed n (%) 43 (90%) 27 (90%) X2(2) = 2.271, p = 0.321  
Age in years  34.7 ± 12.2 33.2 ± 9.8 U = 752.5 z = 0.334, p = 0.738 

MADRS 30 ± 6 1 ± 2 U = 1,440 z = 7.472, p = < 0.0005 
Length of current MDE (months)x 29 ± 33 -- -- 
Number of previous MDExx 3.8 ± 3.9 -- -- 
 
Level of Education Attained (%) 

   

8th Grade 2% -- X2 (5) = 10.837, p = 0.055  
Grade 11/12 no diploma 6% -- 
High School 
Graduate/GED/Equivalent 

19% 20% 

Some college 21% 7% 
Bachelor's or Associate Degree 45% 50% 
Master's /Professional/Doctoral 
Degree 

6% 23% 

 
Marital Status (%) 

   

Never Married 50% 60% X2(3) = 3.260, p = 0.353  
Separated/Divorced 21% 7%  
Married/Domestic Partnership 25% 30% 
Widowed 4% 3% 
Note. Unless otherwise indicated, data are reported as Mean ± SD. 
MADRS. Montgomery-Åsberg Depression Rating Scale 
MDE. Major Depressive Episode 
xData for three participants missing. 
xxData for four participants missing.  
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Table 2. Emotional Conflict Task behavioural results – between group 

Comparison MDD* HC* Test 

Overall Accuracy 0.93 0.97 U = 458 z = -2.696, p = 0.007** 

Accuracy Congruent Trials 0.95 0.99 U = 487 z = -2.418, p = 0.016 

Accuracy Incongruent Trials 0.90 0.96 U = 470.5 z = -2.564, p = 0.010 

    

Overall RT 709 ms 705 ms U = 876 z = 1.602, p = 0.109 

RT Congruent Trials 691 ms 676 ms U = 872 z = 1.561, p = 0.118 

RT Incongruent Trials 730 ms 724 ms U = 854 z = 1.376, p = 0.169 

* Data are reported as Medians 

** Significant after Bonferroni correction applied. 
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Table 3. Emotional Conflict Task within group comparisons of emotional Stroop, and incongruent adaptation 

Comparison Congruent* Incongruent* Test 

MDD RT 691 ms 730 ms z = 5.918, p < 0.0005** 

MDD Accuracy 0.95 0.90 z = -4.474, p < 0.0005** 

    

HC RT 676 ms 724 ms z = 4.564, p < 0.0005** 

HC Accuracy 0.99 0.96 z = -4.619, p < 0.0005** 

    

 cI Trials* iI Trials*  

MDD RT 738 ms 731 ms z = 0.144, p = 0.885 

MDD Accuracy 0.92 0.94 z = 3.166, p = 0.002** 

    

HC RT 732 ms 707 ms z = -2.067, p = .039** 

HC Accuracy 0.94 0.97 z = 0.875, p = 0.382 

* Data are reported as Medians 

** Significant at p < 0.05 
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Table 4. Neuroimaging results for the comparison of MDD < HC  
Comparison/ 
Anatomical Region 

R/L BA MNI Coordinates p* Z 
max 

Cluster 
Size**  x y z  

All Trials: MDD < HC  
Inferior temporal gyrus, temporooccipital 
part 
Lateral occipital cortex, inferior division 
Lateral occipital cortex, superior division 
Occipital fusiform gyrus 

R 
 

37 
19 
19 
- 

 48 -56 -8  <0.001 4.52 828 

           
Congruent: MDD < HC           
Inferior temporal gyrus, temporooccipital 
part 

R 37  48 -56 -8  0.00253 4.07 704 

Lateral occipital cortex, inferior division 
Lateral occipital cortex, superior division 
Occipital fusiform gyrus 

 19 
19 
- 

        

           
Incongruent: MDD < HC           
Inferior temporal gyrus, temporooccipital 
part 
Lateral occipital cortex, inferior division 
Lateral occipital cortex, superior division 

R 37 
19 
19 

 48 -56 -8  <0.001 4.57 1376 

           
Planum temporale 
Supramarginal gyrus, anterior division 
Parietal operculum cortex 
Postcentral gyrus 

L 22 
40 
- 

40 

 -46 -42 16  0.00583 4.12 616 
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Table 4. (Continued)  
Comparison/ 
Anatomical Region 

R/L BA MNI Coordinates p* Z 
max 

Cluster 
Size**  x y z  

Incongruent > Congruent:  
MDD < HC 

          

Supramarginal gyrus, posterior division 
Postcentral gyrus 
Superior parietal lobule 
Cingulate gyrus, anterior division 
Middle temporal gyrus, posterior division 

R - 
-

39,7 
24 
21 

 38 -44 38  <0.001 3.75 2974 

           
Putamen 
Insular Cortex 

R 49 
- 

 32 8 -8  <0.001 3.44 1180 

           
Insular cortex 
Putamen 
Thalamus 

L 13 
49 
50 

 -34 -20 10  0.00617 3.70 729 

R/L = Right/Left; BA = Brodmann Area 
*Significant after Bonferroni correction applied 
** Expressed in voxels 
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Figure 1. Incongruent > Congruent: MDD < HC 

Image is projected on the MNI 152 T1 1 mm standard brain and presented in radiological convention. Images were thresholded 

non-parametrically using clusters determined by Z > 2.3 and a corrected cluster significance threshold of p < 0.007. There are 3 

separate contiguous clusters pictured above. As listed in Table 4, green refers to right posterior division of supramarginal 

gyrus, postcentral gyrus, superior parietal lobule, anterior cingulate gyrus, and posterior middle temporal gyrus; blue refers to 

right putamen and insular cortex; red refers to left insular cortex, putamen and thalamus. MNI coordinates for each image are 

as follows: A) (x = -6, y = -2, z = 43), B) (x = -22, y = 10, z = 3), C) (x = 32, y = 8, z = -7).  
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Supplementary Material 

Table S1. Reasons for runs being excluded from the Emotional Conflict Task, by grouping, and run number. 

 Grouping  

 MDD Control  

Exclusion Criteria Run 1 Run 2 Run 1 Run 2 TOTAL (%) 

Runs Completed 73 73 55 55 256 (100%) 

Missing/corrupted behavioural data 1 - 8 7 16 (6%) 

Missing/corrupted/poor quality fMRI data  13 23 12 15 63 (25%) 

Too many errors in behavioural data 5 5 3 1 14 (5%) 

Usable Runs 54 45 32 32 163 (64%) 

      

Runs Included in Final Analysis* 45 37 24 26 132 (52%)  

* Includes only runs for participants that had completed at least one usable run at each time point (baseline, week 2 and week 8). Only baseline data are 
examined in this paper.  
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Table S2. Scanning protocol deviations 

Site Scanning Protocol Deviation 

Philips site Scanned with a 1 mm inter-slice gap 

 Used a flip angle of 90º 

Siemens site Used TE = 25 ms 

One GE Discovery site Scanned without parallel imaging acceleration 

 

Multivariate Outlier Detection 

To detect scans corrupted by motion, the average of each of the six rigid-body 

motion parameter estimates was calculated for each time-series. Three 

multivariate outlier detection techniques were then applied to the six mean motion 

parameters from each site. The outlier detection methods included: 1) a FAST-

MCD (minimum covariance determinant) [203]; 2) a bootstrap version of MCD 

using "component score" distance; and 3) a bootstrap version of MCD using 

Mahalanobis distance. These algorithms flagged any scans whose mean motion 

was away from the distribution mean in any direction. Thus, participants could 

also be flagged when having minimal motion compared to the rest of the scans 

from a particular site. To address this, results of outlier detection techniques were 

combined with a total-displacement (TD) value calculated based on the 6 motion 

parameters for each scan: 

 !" = $(&' + 75+)- + .&/ + 7501
- + (&2 + 753)- 
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Where dx, dy and dz are displacements on the right-left, anterior-posterior and 

interior-superior axes respectively, and roll (r), yaw (y) and pitch (p), with values 

in radians, respectively. 

The decision to remove a particular scan from further analysis was based 

on the following criteria: 1) a scan was flagged by at least two outlier detection 

methods and TD of the scan was ≥ 1 SD of the mean TD for all sites, or, 2) a scan 

was flagged by one outlier detection method and TD of the scan was > 2 SD of 

the mean TD for the entire sample.  
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Abstract 

Background: Identifying objective biomarkers can assist in predicting 

remission/non-remission to a given treatment, improving remission rates, and 

reducing illness burden. 

Methods: Sixteen MDD 8-week remitters (MDD-8), twelve 16-week remitters 

(MDD-16), 14 non-remitters (MDD-NR) and 30 healthy comparison participants 

(HC) completed a functional magnetic resonance imaging emotional conflict task 

at baseline, prior to treatment with escitalopram, and 8 weeks after treatment 

initiation. Patients were followed 16 weeks to assess remitter status. 

Results: All groups demonstrated emotional Stroop in reaction time (RT) at 

baseline and Week 8. There were no baseline differences between HC and MDD-

16 or MDD-NR in RT or accuracy. By Week 8, MDD-8 demonstrated poorer 

accuracy compared to HC. Compared to HC, the baseline blood-oxygen level 

dependent (BOLD) signal was decreased in MDD-8 in brain-stem and thalamus; 

in MDD-16 in lateral occipital cortex, middle temporal gyrus, and cuneal cortex; 

in MDD-NR in lingual and occipital fusiform gyri, thalamus, putamen, caudate, 

cingulate gyrus, insular cortex, cuneal cortex, and middle temporal gyrus. By 

Week 8, there were no BOLD activity differences between MDD groups and HC.  

Limitations: The Emotional Conflict Task lacks a neutral (non-emotional) 

condition, restricting interpretation of how mood may influence perception of 

non-emotionally valenced stimuli. 
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Conclusions: The Emotional Conflict Task is not an objective biomarker for 

remission trajectory in patients with MDD receiving escitalopram treatment. 

Escitalopram may have influenced emotion recognition in MDD groups in terms 

of decreased accuracy and BOLD signal in response to an Emotional Conflict 

Task, following 8 weeks of escitalopram treatment. 

Key Words: major depressive disorder, emotion recognition, emotional Stroop, 

fMRI, emotional conflict, escitalopram 
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Introduction 

Major depressive disorder (MDD) is projected to be the leading global burden of 

disease across both sexes by 2030 (World Health Organization, 2008). Presently, 

there is no reliable method of predicting who will achieve remission or response 

to a specific antidepressant (Kudlow et al., 2012). A current research priority is to 

identify objective biomarkers that may subtype individuals with MDD based on 

likelihood of achieving remission/non-remission to a given treatment. Such 

biomarkers could ultimately reduce the treatment steps required to reach 

remission, while improving remission rates, reducing the burden of MDD on 

patients, caregivers, and the healthcare system. 

From the patient point of view, remission provides a greater opportunity to 

enhance functioning (Kennedy, 2002). Patients achieving only partial remission 

are more likely to experience significant difficulties in occupational and social 

functioning (Romera et al., 2010), and have a greater risk of recurrence or relapse 

(Paykel, 2008; Paykel et al., 1995), compared to patients who achieve complete 

remission. 

The ability to correctly perceive and understand emotional information is 

essential for healthy social functioning (Blair, 2003; Darwin, 1872). Impaired 

ability to interpret facial expressions has been associated with poorer relationships 

and increased feelings of depression (Carton et al., 1999). Many studies report 

evidence of a mood-congruent bias in emotional information processing in MDD, 

with heightened attenuation or decreased responsivity for positive emotional 
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stimuli and a negative potentiation or increased responsivity to negative stimuli 

(Bouhuys et al., 1999; Bourke et al., 2010; Gotlib et al., 2011; Stuhrmann et al., 

2011). Some reports indicate patients with MDD express an overall attenuated 

response to a range of emotional stimuli, irrespective of valence (Bylsma et al., 

2008; Imbault & Kuperman, 2018; Rottenberg et al., 2005) or patients with MDD 

have difficulty inhibiting responses to negatively valenced information or 

disengaging from it (Gotlib & Joormann, 2010), even when in remission 

(Vanderhasselt et al., 2012).  

To examine whether differences in emotional information processing 

predict different remission rates in MDD, we employed an Emotional Conflict 

Task (Etkin et al., 2006). This task is constructed from images of fearful or happy 

faces with a congruent or incongruent emotional word label superimposed across 

the face. The task requires participants to ignore emotional task-irrelevant 

information (the printed name of an emotion) and identify, emotional task-

relevant information (the affect expressed on the face). Slower reaction time (RT) 

on incongruent compared to congruent trials is recognized as the emotional Stroop 

effect (Hill & Knowles, 1991), and studies measuring accuracy have reported 

decreased accuracy on incongruent compared to congruent trials (Etkin et al., 

2006; Favre et al., 2015; Fournier et al., 2017; Rey et al., 2014; Torres-Quesada et 

al., 2014).  

To evaluate baseline task-based differences between HC and 8-week 

remitters (MDD-8), 16-week remitters (MDD-16) and non-remitters (MDD-NR) 
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on the Emotional Conflict Task, we compared groups on the Emotional Conflict 

Task. We expected all groups to demonstrate the emotional Stroop effect in both 

RT and accuracy, given the robust nature of the task. We also expected overall 

accuracy rates to be lower in MDD groups compared to HC, based on impaired 

emotion recognition in MDD (Dalili et al., 2015; Rubinow & Post, 1992). 

Furthermore, we expected slower RT in the MDD-NR compared to HC, based on 

previous work identifying psychomotor slowing as a predictor of treatment non-

response to SSRI fluoxetine (Taylor et al., 2006). Decreased accuracy has also 

been shown in a Non-Responder group on both incongruent and congruent trials 

in a colour word Stroop task (Xue et al., 2017). Thus, we expected lower accuracy 

in the MDD-NR group on both congruent and incongruent trials, compared to 

HC. Comparing patterns of neural response, we hypothesized that response 

differences on congruent, incongruent, and incongruent > congruent trials, would 

distinguish between HC, and MDD-8, MDD-16 and MDD-NR groups at baseline. 

Previous findings of rostral cingulate hypometabolism in MDD treatment non-

responders and hypermetabolism in treatment responders in a positron emission 

tomography study (Mayberg et al., 1997), predicted there would be similar 

differences in BOLD cingulate activity between HC and MDD-8/-16 and MDD-

NR groups, respectively. 

A secondary objective was to examine within-group changes in 

behavioural responding and BOLD activity induced by escitalopram at Week 8. 

Within each group, we expected to observe a preserved emotional Stroop across 
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time. In MDD groups, we expected changes in observed BOLD activity in 

response to escitalopram, due to the early positive effects of an SSRI on 

emotional information processing (Harmer & Cowen, 2013). Between groups, we 

expected MDD-8 neural activity would more closely approximate that of HC by 

Week 8, while neural and behavioural responses in MDD-16 and MDD-NR 

would not.  

Finally, to identify differences in participants responding to escitalopram 

after 8 weeks of treatment, compared to participants that would respond with the 

later addition of aripiprazole we compared MDD-8 and MDD-16 at Week 8.  

Materials and Methods 

This research was conducted within the framework of the Canadian Biomarker 

Integration Network for Depression (CAN-BIND-1) (Kennedy et al., 2019; Lam 

et al., 2016; MacQueen et al., 2019). 

Participants 

Participants enrolled at six Canadian academic health science institutions in the 

CAN-BIND-1 study (Kennedy et al., 2019) who completed the Emotional 

Conflict Task, totaled 59 HC and 86 MDD. Institutional ethics boards at each site 

approved the study. Inclusion criteria for MDD were: between 18 and 60 years of 

age, meeting criteria for a major depressive episode (MDE) as determined by the 

Mini International Neuropsychiatric Interview (MINI; Sheehan et al., 1998) and 

as defined in the Diagnostic and Statistical Manual IV-TR (American Psychiatric 

Association, 2000) the episode was ≤ 3 months in duration, with a score ≥ 24 on 
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the Montgomery-Åsberg Depression Rating Scale (MADRS) (Montgomery & 

Åsberg, 1979), patients were psychotropic medication free for ≤ 5 half-lives at 

baseline testing, and fluent in English. Exclusion criteria for MDD were: 

psychosis in current MDE, bipolar I/II diagnosis, failure of ≥ four 

pharmacological interventions, high risk for hypomanic switch, previous non-

response/intolerance to aripiprazole or escitalopram, initiation of psychological 

treatment in ≤ 3 months with intention to continue treatment, other primary 

psychiatric diagnoses, personality disorder that would interfere with study 

completion (as determined by clinician), or high suicide risk. Exclusion criteria 

for all participants included breastfeeding/pregnancy, substance dependence/abuse 

in previous 6 months, significant head trauma/neurological disorder, other non-

stabilized medical conditions, or any MRI contraindications. All participants 

provided written informed consent and received compensation for study 

participation. 

Data were collected at baseline (prior to starting pharmacotherapy), 2 

weeks, and 8 weeks after starting pharmacotherapy. HC were tested at these same 

intervals without medication. To determine treatment remission status, MDD 

participants were followed for 16 weeks. As Emotional Conflict Task data were 

collected over two consecutive runs at each time point (baseline, Week 2 and 

Week 8), if at least one run at each time point was deemed valid, data for that 

participant were included in the analysis.  
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The MDD sample was classified into the following groups: patients 

demonstrating a ≤ 10 MADRS by Week 8 (Hawley et al., 2002; Mendlewicz, 

2008), which they maintained at week 16, were defined as the 8 week remitter 

group (MDD-8); patients who, with addition of adjunctive aripiprazole 

commencing after Week 8 testing, demonstrated a MADRS score of ≤ 10 by week 

16, were defined as the 16 week remitter group (MDD-16); patients maintaining a 

MADRS score > 10 at both weeks 8 and 16, with adjunctive treatment with 

aripiprazole after Week 8 testing, were defined as MDD non-remitters (MDD-

NR). 

Procedures 

Demographic, diagnostic, and medical history information was acquired through 

interviews and standardized self-report questionnaires (for additional details see 

Kennedy et al., 2019; Lam et al., 2016; MacQueen et al., 2019). The MADRS 

(Montgomery & Åsberg, 1979) was used to assess depressive symptom severity. 

Treatment 

Following the baseline visit, patients started escitalopram treatment at 10 mg/d 

with the option of increased dosages at Week 2 and at three follow up visits, up to 

20 mg/d (for more details, see Lam et al., 2016). Patients attaining a > 50% 

reduction in baseline MADRS score (study defined criteria for treatment 

response) by Week 8 continued with escitalopram treatment for an additional 8 

weeks; patients who did not meet this Week 8 criteria, received adjunctive 
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treatment with aripiprazole starting at 2 mg/d flexible dosage up to 10 mg/d 

according to physician judgement. 

fMRI Task 

Sequence and parameters of the Emotional Conflict Task were informed by a 

previous fMRI publication from our group (Frey et al., 2010). The task features 

148 black and white images of happy or fearful faces (Ekman & Friesen, 1976) 

cropped to remove hair and neck. Centered below the bridge of the nose, the word 

“HAPPY” or “FEAR” in red upper case lettering is superimposed on the 

respective images, such that it is either congruent (face affect and word match) or 

incongruent (face affect and word do not match) (for additional details see Etkin 

& Schatzberg, 2011; Frey et al., 2010). Equal numbers of congruent and 

incongruent trials were counterbalanced and presented in two separate runs. Each 

run comprised 74 stimuli with a duration of 6 minutes 35 seconds. 

To ensure task comprehension, prior to the experiment, participants 

practiced the task on a computer outside of the scanner. They were instructed to 

identify the affect of the face as quickly and accurately as possible, and to ignore 

the word superimposed on the face. Images were presented to participants in the 

MRI scanner with E-Prime software version 2 (Schneider et al., 2002). On each 

trial, the stimulus was presented for 1 second, followed by a jittered mean inter-

stimulus interval of 4 seconds (range of 3 to 5 seconds) during which a centered 

fixation cross was displayed to participants. Slower RT and decreased accuracy 

on incongruent compared to congruent trials, is defined as the emotional Stroop 
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effect. The maximum error of commission rate was 25% per run, with an overall 

maximum error rate (errors of omission and commission) of 30%. For accuracy 

calculations, trials with RT > 2 SD from trial type mean were retained. The 

accuracy calculation formula:  

%	6orrect	trial	type = 	
1 − (trial	type	errors)

(number	of	events	for	trial	type) 

For RT analysis, error trials, and trials with RT > 2 standard deviations 

above or below the trial-type mean were removed. Neuroimaging analyses of 

congruent, incongruent, and incongruent > congruent, did not include error trials, 

whereas the all trials analysis did.  

fMRI Data Acquisition 

Images were acquired using multi-channel receiver head coils on five 3T whole-

body MRI scanners (one Tim Trio from Siemens, Germany; one Intera Achieva 

from Philips, Netherlands; one Signa HDxt and two Discovery MR 750 from GE 

Healthcare, USA). Whole-head fMRI images were acquired using 4.0 mm 

isotropic voxels with a T2*-weighted single-shot echo-planar gradient echo 

imaging sequence: FOV=256×256 mm; matrix=64×64; 36–40 4 mm oblique 

slices with no gap; TR=2000 ms, TE = 30 ms, flip angle=75º; parallel imaging 

R=2. For the Emotional Conflict Task, 188 volumes per run were acquired, with 

two runs per session (total scan time 12.5 minutes). Acquisition parameter 

deviations at individual sites are listed in Table S1. 
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FMRI data preprocessing was completed with the software package 

Optimization of Preprocessing Pipelines for NeuroImaging-fMRI (OPPNI) 

(Churchill et al., 2015; Strother, 2006), and steps are summarized here. To 

identify the volume with the smallest Euclidean distance from the median 

coordinates in principal component analysis (PCA) space, considered as the 

volume with the least head displacement, PCA was applied to the 4D fMRI data. 

This became the reference volume for the Motion Correction (MOTCOR) step. 

Using AFNI’s (Cox, 1996) 3dvolreg algorithm rigid-body MOTCOR was applied 

transforming each 4D image to match the volume with least head displacement. 

Outlier brain volumes were removed and replaced with interpolated values from 

adjacent volumes (Campbell et al., 2013; Churchill et al., 2015). AFNI’s 3dTshift 

algorithm was used for slice-timing correction. To match spatial smoothing across 

different MRI scanners AFNI’s 3dBlurToFWHM was used to smooth fMRI 

images FWHM=6mm in three directions (x, y, z) (Friedman et al., 2006). Using 

AFNI’s 3dAutomask, a binary mask excluding non-brain voxels was acquired and 

applied to all volumes. To control for biased reproducibility estimates and false-

positive activations, neuronal tissue masking was completed by estimating a 

probabilistic mask to reduce the variance contribution of non-neuronal tissues in 

the brain (macro-vasculature, ventricles). This used the PHYCAA+ algorithm 

(Churchill & Strother, 2013) to estimate task-run and participant-specific neural 

tissue masks. Nuisance regressors were calculated and concurrently regressed out 

from the data using general linear model (GLM). A second-order Legendre 
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polynomial basis set was employed to model temporal trends. Six participant 

motion parameter estimates obtained from the MOTCOR step were used to model 

head motion effects. PCA was performed on the motion parameter estimates. The 

1-k principal components that accounted for 85% of motion variance were 

regressed out. Global signal regression was completed by regressing out the first 

principle component from the fMRI data PCA analysis. Lastly, AFNI’s ‘SPMG1’ 

hemodynamic response function employing 3dDeconvolve was used to convolve 

the task paradigm. This regressor and the previously mentioned regressors were 

included in the GLM. 

Employing a two-step registration process using FLS’s FLIRT module 

(Jenkinson et al., 2012) preprocessed fMRI output files were analysed in the same 

space, aligned to the Montreal Neurological Institute (MNI) template (4 mm 

resolution). Within participants, the fMRI scan was aligned to the individual's 

structural T1-weighted image. Next, the individual's structural image was 

registered to the MNI template. Transformations from these two steps were 

combined to align each individual's fMRI scan to the MNI template. FSL's FEAT 

Version 6.00 was used for first level general linear model (GLM) analysis. Data 

were high- pass filtered with a cut off of 100 seconds and were FILM 

prewhitened. Scans with excessive motion were excluded from the analysis based 

on multivariate outlier detection applied to the motion displacement parameters 

(see supplemental for more details). 
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FSL's FEAT was used for higher level GLM analyses. Employing a mixed 

effects FLAME 1 design, Z (Gaussianised T/F) images were thresholded non-

parametrically at Z > 2.3 based on the recommendation in Eklund (2016) and a 

Bonferroni corrected cluster significance threshold. 

Demographic and behavioural data analyses were calculated with SPSS 23 

(IBM Corporation, 2015). A Holm-Bonferroni correction for multiple 

comparisons was applied with the exception of behavioural comparisons for the 

emotional Stroop effect, for which a strong directional hypothesis existed.  

Results 

Of the 86 MDD and 59 HC participants enrolled in the study, 15 (10%) 

participants either withdrew from the study or did not attend all study visits. Data 

lost due to participant study withdrawal were relatively low, compared to other 

studies (McGrath et al., 2013). Three participants were removed following 

discovery of incidental findings on structural MRI. As both behavioural and fMRI 

data were required for at least one run per time point, 49 participants were 

removed due to missing or corrupted behavioural/fMRI data, or an error level < 

30% on more than one run at a time point. With the focus on MDD-8, -16 and -

NR, we excluded one patient who was a remitter at 8 weeks and a non-remitter at 

16 weeks, as well as four MDD-16 patients who did not receive adjunctive 

aripiprazole treatment after Week 8, leaving a final N of 30 HC, 16 MDD-8, 12 

MDD-16, and 14 MDD-NR. For these 72 participants, 390 of 432 runs (90%) 
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were included in the analysis (see Table S2). Only baseline and Week 8 data are 

reported here. 

Demographic data are reported in Table 1.  

Behavioural Analyses 

Between Groups  

At baseline there were no significant between group differences between HC and 

MDD-8, MDD-16, or MDD-NR in RT or accuracy, for all trials, or on congruent 

or on incongruent trials (see Table S3).  

Between groups, at Week 8, MDD-8 were significantly less accurate on 

the comparison all trials (Median = .89) compared to HC (Median = .96), U = 

120.5 z = -2.760, p = .006; an effect driven by lower accuracy on congruent trials 

in MDD-8 (Median = .90) compared to HC (Median = .99), U = 123.0 z = -2.738, 

p = .006 (see Figure 1 and Table S4). There were no significant RT differences 

between MDD-8 and HC. 

There were no Week 8 between-group differences in accuracy or RT 

between HC and MDD-16 or MDD-NR, or between MDD-8 and MDD-16 (see 

Table S4).  

Within Groups 

Within groups at baseline, there was a significant emotional Stroop effect for both 

accuracy and RT for HC, MDD-8 and MDD-16. MDD-NR demonstrated a 

significant emotional Stroop effect in RT only (see Figure 1).  
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Within groups at Week 8, there was a Stroop effect in both accuracy and 

RT for HC and MDD-8 groups. MDD-16 and MDD-NR groups demonstrated a 

Stroop effect identified in RT only (see Figure 1).  

Comparing baseline and Week 8, there were no changes across time in 

accuracy or RT within the HC, MDD-8, or MDD-NR groups (see Table S5).  

fMRI Analyses 

Between Groups 

At baseline, lower BOLD activity was observed in MDD-8 compared to HC on 

comparisons of all trials in bilateral brain-stem, thalamus and right caudate, and 

for incongruent trials in bilateral brainstem, and left thalamus (see Table 2). On 

comparisons of congruent trials and incongruent > congruent trials, activation 

patterns for MDD-8 and HC were not significantly different. 

Lower baseline BOLD activity was observed for MDD-16 relative to HC 

on comparisons of all trials in right inferior lateral occipital cortex, and 

temporooccipital part of middle temporal gyrus; on incongruent trials, in right 

inferior lateral occipital cortex, and temporooccipital part of middle temporal 

gyrus, left occipital pole, superior lateral occipital and cuneal cortex. At baseline, 

for MDD-16 compared to HC, lower BOLD activity was observed during 

incongruent > congruent trials in bilateral precentral and right postcentral gyri 

(see Table 2). Comparison of congruent trials at baseline between MDD-16 and 

HC did not identify any significantly different regions of activation.  
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At baseline, lower BOLD activity was observed in MDD-NR compared to 

HC in the comparison of incongruent > congruent trials in bilateral occipital 

fusiform gyri, precentral gyrus, and cuneal cortex, left lingual gyrus, postcentral 

gyrus, precuneus and intracalcarine cortex, right insular cortex, putamen, caudate, 

posterior cingulate gyrus, and posterior and temporooccipital middle temporal 

gyri (Table 3). Activation patterns for baseline comparisons of all trials, 

congruent trials, and incongruent trials, between MDD-NR and HC were not 

significantly different. 

At Week 8, between group comparisons of BOLD responses for HC and 

MDD-8, MDD-16 and MDD-NR, respectively, and between MDD-8 and MDD-

16 for all trials, congruent trials, incongruent trials, and incongruent > congruent 

trials, were not significantly different.  

Within Groups 

Within-group comparisons for HC revealed decreased BOLD activity at Week 8, 

compared to baseline during congruent trials in bilateral occipital fusiform gyrus, 

left temporal occipital fusiform gyrus, right occipital pole, and superior lateral 

occipital cortex, and on incongruent trials in bilateral occipital fusiform gyrus, 

left lingual gyrus, and right inferior lateral occipital cortex (see Table 4). 

Comparisons for HC of all trials and incongruent > congruent trials, were not 

significantly different from baseline to Week 8. 

Compared to baseline, MDD-NR demonstrated decreased BOLD activity 

at Week 8 on congruent trials in bilateral lingual gyrus, and occipital pole, left 
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intracalcarine cortex, and right pre- and post-central gyri. Compared to baseline, 

MDD-NR demonstrated increased activity at Week 8 on incongruent > congruent 

trials in bilateral lingual gyri, and occipital fusiform gyri, right putamen and 

insular cortex, and left cerebellar area VI at Week 8 (see Table 5). Comparisons of 

all trials and incongruent trials from baseline to Week 8 in MDD-NR were not 

significant. 

Within group comparisons of all trials, congruent trials, incongruent 

trials, and incongruent > congruent trials for MDD-8 and MDD-16, from 

baseline to Week 8 were not significant. 

Discussion 

We set out to test the value of an Emotional Conflict Task as a biomarker of 

subsequent remission or non-remission to escitalopram, or to escitalopram with 

adjunctive aripiprazole on the basis of behavioural and fMRI BOLD activity 

indices. All groups demonstrated a robust emotional Stroop effect in RT at both 

baseline and Week 8. In terms of accuracy, HC, MDD-8 and MDD-16 

demonstrated an emotional Stroop effect at baseline, while by Week 8, this effect 

was only observed in HC and MDD-8. The only between group difference in 

accuracy at baseline or Week 8 was poorer emotion recognition in MDD-8 

compared to HC at Week 8. Baseline BOLD activity was reduced in a number of 

regions in all MDD groups, compared to HC. However, by Week 8, these 

differences were no longer observed.  
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Behavioural 

We observed the expected emotional Stroop effect in RT in all groups at baseline 

and Week 8. At baseline HC, MDD-8 and MDD-16 also demonstrated the 

emotional Stroop effect in accuracy, while MDD-NR did not, setting it apart from 

the other groups. By Week 8, HC and MDD-8 continued to show a robust Stroop 

effect in accuracy, while MDD-16 and MDD-NR did not, possibly due to ceiling 

effects, and/or as a consequence of the high degree of performance variability 

within each group.  

At baseline, we did not observe significant differences between HC and 

any of the MDD groups in accuracy or RT on the Emotional Conflict Task. 

However, at Week 8, accuracy on congruent trials was significantly lower in 

MDD-8 compared to HC, but not on incongruent trials, suggesting that the 

observed between group differences may reflect impaired facial emotion 

recognition, rather than a decrease in response inhibition. Additionally, as there 

were no significant differences in RT between MDD-8 and HC at Week 8, lower 

accuracy in MDD-8 could not be attributed to a speed/accuracy trade-off. Within 

MDD-8, as mood improves across time, accuracy in emotion recognition 

decreases. A recent study of the effects of 12 weeks of escitalopram treatment in 

an elderly MDD sample found improvements in mood occurred more rapidly than 

changes in cognitive functioning or RT (Beheydt et al., 2015). Another study 

identified that despite marked improvements in executive function, memory, and 

attention, following a 24-week trial of escitalopram, MDD patients were still not 
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functioning as well as a healthy comparison group (Herrera-Guzman et al., 2010). 

Conversely, MDD-16 did not decrease in emotion recognition accuracy across 

time, even as mood symptoms improved, suggesting that with the addition of 

escitalopram treatment, this group processed emotional information differently 

than MDD-8, even though their mood symptoms did not improve at the same rate 

as those of MDD-8. Thus, patients in the MDD-16 group may represent a 

different phenotype of MDD remitter in terms of emotional information 

processing with escitalopram treatment alone, as well as later positive response to 

adjunctive treatment with aripiprazole.  

fMRI 

Neuroimaging findings indicated significantly lower baseline BOLD activity in 

MDD groups compared to HC, in contrast to our predictions of higher levels of 

BOLD activity in MDD-8 and lower activity in MDD-NR in rostral cingulate 

cortex, compared to HC.  

In addition, we had predicted higher levels of BOLD activity for MDD-8 

in the rostral cingulate cortex, compared to HC. Differences between MDD-8 and 

HC were limited to lower activity for all trials and for the incongruent 

comparison mainly in bilateral brain-stem regions extending to the thalamus and, 

in the case of the all trials comparison, involving also the caudate. The thalamus 

is involved in visual attention information processing, including diminishing 

responding to ignored stimuli and increasing responding to attended stimuli 

(Kastner et al., 2006). The caudate is a component in a circuit important for mood 
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regulation that comprises the basal ganglia, thalamus, prefrontal cortex, and 

anterior cingulate cortex (Alexander et al., 1986). Decreased volumes in caudate 

nucleus, putamen and ACC have been reported in patients with MDD (Bora et al., 

2012). 

We had predicted lower baseline BOLD activity in MDD-NR in rostral 

cingulate cortex, compared to HC. We did find lower levels of posterior cingulate 

activity in MDD-NR compared to HC at baseline, in the incongruent > congruent 

trials comparison, similar to findings of rostral cingulate hypometabolism in 

MDD treatment non-responders as reported by Mayberg et al., (1997). 

Additionally, in MDD-NR compared to HC, we observed reduced baseline 

activity on the incongruent > congruent comparison including regions involved in 

directing attention, such as posterior cingulate cortex, which is important for 

evaluating valence of emotional words (Maddock et al., 2003) and precuneus, 

which demonstrates increased activation in response to increased conflict in 

emotional Stroop tasks (Rahm et al., 2013; Song et al., 2017). Nevertheless, lower 

activity in these regions in MDD-NR compared to HC did not correspond to a 

difference in behavioural responding on the Emotional Conflict Task. We also 

observed reduced baseline activity in MDD-8 compared to HC for incongruent > 

congruent comparison in regions important for facial information processing 

including: occipital fusiform gyrus, implicated in perception of dynamic and static 

facial information (Kanwisher et al., 1997; Parvizi et al., 2012), and the lingual 

gyrus, important in processing facial information (Zhen et al., 2013), reading and 



PhD Thesis.  GL ALDERS.  McMaster University, Graduate Program in Neuroscience 

 

 

 180 

processing lexical stimuli (Borowsky et al., 2007). Both facial perception and 

lexical processing are necessary processes involved in eliciting the emotional 

Stroop effect.  

Reduced baseline BOLD activity was observed in MDD-16 compared to 

HC for all trials and incongruent trials in regions including the right inferior 

division of the lateral occipital cortex, which is important for emotion recognition 

and processing of structural aspects of a face (Nagy et al., 2012; Pitcher et al., 

2008) and the temporooccipital part of the middle temporal gyrus which is also 

involved in emotion cognition (Iidaka et al., 2001). Differences in activation 

patterns between MDD-16 patients and HC for the incongruent > congruent 

comparison were restricted to regions of motor and somatosensory cortices. 

Interestingly, despite lower activity in regions recognized as important for 

emotion processing, behaviourally, MDD-16 did not perform differently in 

emotion processing, compared to HC, which suggests that individuals MDD-16 

require less engagement of these specific brain regions to perform in this task. 

Similar to HC, at Week 8, MDD-16 may demonstrate habituation to facial stimuli 

(Fischer et al., 2003; Spohrs et al., 2018). 

Within group differences in HC included reduced activity at Week 8, 

relative to baseline on congruent trials and incongruent trials in a number of 

regions involved in emotion recognition, including bilateral occipital fusiform 

gyri, and lateral occipital cortex. However, emotional Stroop in HC remained 
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stable across time, suggesting less neural effort was required by HC to 

demonstrate emotional Stroop at Week 8. 

Baseline neuroimaging indicated lower BOLD activity across all MDD 

groups compared to HC, which may indicate emotion context insensitivity. 

Emotion context sensitivity suggests an overall reduced emotional reactivity in 

MDD, regardless of the context (Bylsma et al., 2008), which may help to explain 

the apparent blunting in MDD neural responding to stimuli in the Emotional 

Conflict Task. An overall reduction in engagement with the environment in MDD 

may occur out of necessity to reduce exposure to negative consequences, diminish 

the opportunity to make poor choices (Rottenberg, 2005), or to conserve energy 

(Maes et al., 2012). 

While MDD-16 and MDD-NR did not demonstrate mood symptom 

amelioration to the same degree as MDD-8, in all MDD groups, BOLD activity 

was altered from baseline to Week 8, so that these groups were no longer 

significantly different from HC at Week 8. Habituation on an emotion recognition 

fMRI task has been associated with reduced BOLD activity (Fischer et al., 2003; 

Spohrs et al., 2018), which HC and MDD-NR demonstrated in a number of 

regions from baseline to Week 8, without concomitant improvements in RT or 

accuracy, suggesting BOLD signal augmentation is not necessarily due to a 

learning effect.  

Considering the impaired emotion recognition observed in MDD-8 but not 

in MDD-16 at Week 8, may be considered within the parameters of the National 
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Institute of Mental Health's Research Domain Criteria initiative (RDoC). RDoC 

seeks to incorporate information across neuroscience and genetics to produce a 

classification system that is trans-diagnostic (Insel et al., 2010). Even though 

MDD-8, MDD-16 and MDD-NR all belong to the DSM-V category of MDD, 

their heterogeneous presentation in responding to escitalopram and their different 

presentations in terms of emotion recognition and mood symptom improvement, 

suggest different response phenotypes. Differences in emotion recognition may be 

a sub-domain that ought to be considered across neural disorders in which 

emotion recognition is known to be impaired, including mood and movement 

disorders, when adopting a multilateral and domain-specific approach to treatment 

development and drug discovery (McIntyre, 2014).  

One limitation of the Emotional Conflict Task is the lack of a neutral 

category. It would be interesting to observe whether changes in mood or emotion 

context insensitivity alter the processing of neutral stimuli. Patients with MDD 

have more difficulty recognizing ambiguous or neutral facial expressions of 

emotion (Leppänen et al., 2004), and demonstrate different patterns of neural 

activity in response to neutral facial expressions (Oliveira et al., 2013), compared 

to HC. These differences may persist into remission (Leppänen et al., 2004). 

This is the first study to examine the effects of escitalopram treatment on 

behavioural responding in an Emotional Conflict Task, and the first study to 

examine within participant longitudinal performance on this Task. These results 

indicate that the Emotional Conflict Task is not an objective biomarker for 
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remission trajectory in patients with MDD receiving escitalopram treatment and 

escitalopram with adjunctive aripiprazole. Still, we were able to demonstrate that 

escitalopram ameliorates differences in neural activity between HC and patients 

with MDD on an fMRI emotional conflict task. The significantly poorer accuracy 

in MDD-8 compared to HC at Week 8, which was not observed in MDD-16, 

suggests that improvements in mood in an MDD group receiving escitalopram do 

not necessarily translate into improvements in emotion recognition. Future work 

involving a modified Emotional Conflict Task with varying dimensions of 

emotional valence and the addition of a neutral category may provide richer detail 

in understanding the nuances of emotion recognition processing in patients 

experiencing MDD. 
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Tables and Figures 

Table 1. Demographic and clinical information  
Variable HC MDD-8 MDD-16 MDD-NR Test 
Group n 30 16 12 14 -- 
Female n (%) 22 (73%) 12 (75%) 9 (75%) 7 (50%) X2 (3) = 3.116, p = 0.374 
Right Handed n (%) 27 (90%) 16 (100%) 11 (92%) 10 (71%) X2 (3) = 9.603, p = 0.142 
Age in years  33 ± 10 33 ± 11  34 ± 14 37 ± 13 H(3) = 0.768, p = 0.857 
MADRS – Baseline 1 ± 2 27 ± 6 32 ± 5 30 ± 6 H(3) = 55.637, p < 0.0005# 
MADRS – Week 8 1 ± 2 5 ± 3 21 ± 6 26 ± 10 H(3) = 56.746 , p < 0.0005## 
MADRS – Week 16 1 ± 1 3 ± 3 5 ± 3 20 ± 7 H(3) = 51.231, p < 0.0005### 
Length of current MDD Episode in months -- 32 ± 39X 24 ± 27X 39 ± 35 X H(2) = 2.241, p = 0.326 
Number of previous Episodes of MDD -- 4 ± 4X 5 ± 4 XX 3 ± 4 X H(2) = 1.567, p = 0.457 
 
Level of Education AttainedX (%) 

     

8th Grade - 6% - - X2 (24) = 31.637, p = 0.136 
Grade 11/12 no diploma - 6% 8% -  
High School Graduate/GED/Equivalent 20% 6% 17% 29%  
Some college 7% 25% 25% 21%  
Bachelor's or Associate Degree 50% 49% 42% 43%  
Master's /Professional/Doctoral Degree 23% 0% 8% 7%  
 
Marital Status (%) 

     

Never Married 60% 50% 58% 36% X2 (9) = 8.385, p = 0.496 
Separated/Divorced 7% 19% 8% 36%  
Married/Domestic Partnership 30% 25% 25% 29%  
Widowed 3% 6% 8% -  

Note. Unless otherwise indicated, data are reported as Mean ± SD. 
MADRS. Montgomery-Åsberg Depression Rating Scale 
XData for one participant missing. XXData for two participants missing 
#HC < MDD-8, MDD-16, MDD-NR after Bonferroni correction. 
##HC, MDD-8 < MDD-16, MDD-NR after Bonferroni correction. 
###HC < MDD-16, MDD-NR; MDD-8 < MDD-NR after Bonferroni correction.  
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Table 2. Baseline between group comparisons of regional activation on the Emotional Conflict Task in HC versus MDD-8 and 

MDD-16 
Comparison/Anatomical Region BA R/L MNI Coordinates p* Z -value Cluster 

Size x y z 
All Trials: HC > MDD-8         
Thalamus - L -4 -26 6 0.00078 4.35 730 
Brain-stem - L -4 -30 -6  4.19  
Caudate (bilateral) - R 8 4 6  3.7  
Brain-stem - R 4 -34 -6  3.59  
Brain-stem - L -12 -32 -10  3.26  
Thalamus - R 4 0 4  3.21  
         
Incongruent: HC > MDD-8         
Brain-stem - L -4 -30 -6 0.00382 4.38 586 
Brain-stem - L -4 -34 -8  4.12  
Thalamus - L -2 -26 6  3.99  
Brain-stem - R 4 -34 -8  3.68  
Brain-stem - R 2 -44 -18  3.55  
Brain-stem - L -4 -38 -20  3.49  
         
All Trials: HC > MDD-16         
Lateral occipital cortex, inferior division 19 R 52 -76 -6 0.00227 3.66 700 
Lateral occipital cortex, inferior division 19 R 54 -64 6  3.49  
Lateral occipital cortex, inferior division - R 36 -74 10  3.34  
Lateral occipital cortex, inferior division 19 R 40 -78 0  3.31  
Lateral occipital cortex, inferior division 18 R 38 -84 -8  3.00  
Middle temporal gyrus, temporooccipital part 37 R 50 -56 -2  2.96  
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Table 2. (Continued) 
Comparison/Anatomical Region BA R/L MNI Coordinates p* Z -value Cluster 

Size x y z 
Incongruent: HC> MDD-16         
Lateral occipital cortex, inferior division 19 R 52 -76 -6 2.15e-06 3.93 1508 
Middle temporal gyrus, temporooccipital part 37 R 56 -44 6  3.91  
Lateral occipital cortex, inferior division 37 R 56 -60 2  3.85  
Lateral occipital cortex, inferior division 19 R 54 -64 6  3.74  
Lateral occipital cortex, inferior division 19 R 40 -80 -2  3.47  
Lateral occipital cortex, inferior division - R 36 -74 10  3.46  
Cuneal cortex 18 L -12 -74 28 0.00202 3.64 709 
Cuneal cortex 19 L -18 -78 26  3.22  
Lateral occipital cortex, superior division 7 L -12 -76 44  3.13  
Lateral occipital cortex, superior division - L -28 -80 8  3.12  
Occipital pole 18 L -4 -90 24  3.05  
Cuneal cortex 19 L -10 -84 26  2.97  
         
Incongruent > Congruent: HC > MDD-16         
Precentral gyrus - R 0 -32 64 0.00244 3.26 803 
Precentral gyrus - R 8 -20 62  3.20  
Precentral gyrus 4 L -8 -24 68  3.00  
Precentral gyrus - L -12 -32 66  2.92  
Precentral gyrus 6 R 12 -18 72  2.85  
Postcentral gyrus 1 R 16 -36 66  2.84  

BA = Brodmann Area; R/L = Right/Left 
* Significant after Bonferroni correction applied 
  



 

 187 

Table 3. Between group comparisons of regional activation on the Emotional Conflict Task in HC versus MDD-NR at baseline 

Comparison/ 
Anatomical Region 

BA R/L MNI Coordinates p* Z -value Cluster Size 
x y z 

Incongruent > Congruent: HC > MDD-NR         
Occipital fusiform gyrus 19 R 28 -80 -14 1.37e-09 3.52 2997 
Occipital fusiform gyrus - R 22 -80 -18 3.47 
Occipital fusiform gyrus 18 L -24 -72 -14 3.4 
Occipital fusiform gyrus - L -28 -76 -18 3.36 
Lingual gyrus - L -8 -68 -6 3.33 
Lingual gyrus 18 L -12 -76 -8 3.25 
Insular cortex - R 36 -4 -6 4.35e-06 3.37 1647 
Putamen 49 R 32 0 6 3.23 
Caudate 48 R 12 16 6 3.19 
Putamen 49 R 24 12 -10 3.18 
Putamen - R 28 -8 14 3.15 
Putamen 49 R 30 8 -2 3.1 
Precentral gyrus 4 R 20 -28 66 0.000137 3.5 1157 
Precentral gyrus 4 R 10 -32 66 3.24 
Postcentral gyrus 7 L -8 -44 58 3.1 
Postcentral gyrus 5 L -24 -36 62 3 
Cingulate gyrus, posterior division - R 12 -16 38 2.97 
Precentral gyrus 4 L -24 -24 62 2.97 
Thalamus - L -16 -26 -6 0.000304 3.38 1052 
Putamen 49 L -24 10 4 3.35 
Putamen 49 L -30 -12 2 3.34 
Putamen 49 L -24 -2 10 3.26 
Thalamus - L -12 -18 -6 3.26 
Thalamus 50 L -12 -30 -2 3.12 

  



 

 188 

Table 3. (Continued) 

Comparison/ 
Anatomical Region 

BA R/L MNI Coordinates p* Z -value Cluster Size 
x y z 

Incongruent > Congruent: HC > MDD-NR         
Cuneal cortex 19 R 8 -84 36 0.000764 3.27 935 
Intracalcarine cortex 17 L -16 -72 14 3.2 
Precuneus cortex 7 L 8 -76 38 3.09 
Precuneus cortex 19 L -12 -82 38 3.06 
Cuneal cortex 19 L -12 -82 32 2.98 
Cuneal cortex 18 L -8 -88 28 2.86 
Middle temporal gyrus, posterior division 21 R 56 -30 -10 0.00116 3.69 884 
Middle temporal gyrus, posterior division 22 R 64 -12 -10 3.18 
Middle temporal gyrus, posterior division 21 R 64 -36 -2 3.16 
Middle temporal gyrus, temporooccipital part 37 R 52 -44 6 3.13 
Middle temporal gyrus, temporooccipital part 37 R 56 -46 -6 3.09 
Middle temporal gyrus, temporooccipital part 37 R 48 -48 8 2.94 

BA = Brodmann Area 
*Significant after Bonferroni correction applied   
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Table 4. Within group comparisons of regional activation on the Emotional Conflict Task in HC at Baseline and Week 8 

Comparison/ 
Anatomical Region 

BA R/L MNI Coordinates p* Z -value Cluster 
Size x y z 

Congruent: HC Baseline > HC Week 8 
Occipital fusiform gyrus 19 L -36 -74 -16 0.000307 

 
4.39 703 

Occipital fusiform gyrus  19 L -30 -66 -16 3.62 
Temporal occipital fusiform cortex - L -32 -64 -20 3.61 
Occipital fusiform gyrus 37 L -40 -66 -20 3.61 
Temporal occipital fusiform cortex - L -40 -62 -24 3.47 
Occipital fusiform gyrus 37 L -42 -68 -16 3.37 
Occipital fusiform gyrus 19 R 24 -84 -16 0.000436 

 
5.06 674 

Occipital pole 18 R 18 -92 8 4.76 
Occipital pole 18 R 20 -92 4 4.53 
Occipital pole 18 R 28 -90 2 3.94 
Lateral occipital cortex, superior division 18 R 38 -88 2 3.71 
Occipital fusiform gyrus 37 R 34 -70 -14 3.63 

 
Incongruent: HC Baseline > HC Week 8 
Lingual gyrus 18 L -6 -78 -12 1.79e-07 

 
4.59 1370 

Occipital fusiform gyrus - L -38 -74 -20 4.52 
Occipital fusiform gyrus 19 L -34 -74 -16 4.18 
Occipital fusiform gyrus - L -18 -84 -22 4.04 
Occipital fusiform gyrus 19 L -30 -66 -16 4.00 
Occipital fusiform gyrus 18 L -26 -82 -14 3.77 
Occipital fusiform gyrus 19 R 26 -84 -14 1.14e-05 

 
5.21 972 

Lateral occipital cortex, inferior division 19 R 42 -70 -16 4.42 
Occipital fusiform gyrus 19 R 22 -84 -16 4.21 
Occipital fusiform gyrus 37 R 38 -70 -20 4.18 
Occipital fusiform gyrus - R 32 -72 -20 4.00 
Lateral occipital cortex, inferior division - R 38 -74 -22 3.94 

BA = Brodmann Area 
*Significant after Bonferroni correction applied  
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Table 5. Within group comparisons of regional activation on the Emotional 

Conflict Task in MDD-NR at Baseline and Week 8 

Comparison/ 
Anatomical Region 

BA R/L MNI 
Coordinates 

p* Z -
value 

Cluster 
Size 

x y z 
Congruent: MDD-NR Baseline > MDD-NR Week 8 
Lingual gyrus 18 R 10 -88 -6 2.6e-16 4.17 3201 
Intracalcarine cortex 17 L -14 -88 6 4.13 
Occipital pole 18 L -24 -92 14 4.00 
Occipital pole 18 R 8 -88 12 3.8 
Lingual gyrus 18 L -16 -80 -4 3.66 
Occipital pole 18 R 8 -88 16 3.59 
Postcentral gyrus 4 R 36 -20 42 0.000469 3.58 544 
Postcentral gyrus 1 R 44 -32 60 3.22 
Postcentral gyrus 1 R 42 -24 52 3.15 
Precentral gyrus 6 R 24 -16 70 3.07 
Postcentral gyrus 1 R 56 -20 38 3.06 
Precentral gyrus 4 R 38 -24 54 2.93 

 
Incongruent > Congruent: MDD-NR Baseline < MDD-NR Week 8 
Lingual gyrus 18 L -16 -78 -2 0.00119 

 
3.04 621 

Lingual gyrus 18 L -12 -74 -4 2.94 
Lingual gyrus 18 L -8 -80 -6 2.94 
Cerebellar area VI - L -8 -72 -12 2.92 
Lingual gyrus - L -12 -76 -14 2.92 
Occipital fusiform 
gyrus 

18 L -20 -72 -8 2.88 

Insular cortex - R 36 0 6 0.00178 
 

3.04 588 
Putamen 49 R 28 4 -2 3.02 
Putamen - R 32 -16 -6 2.97 
Putamen 49 R 28 -4 6 2.92 
Putamen 49 R 32 -4 2 2.91 
Putamen 49 R 32 -8 4 2.91 
Lingual gyrus 19 R 16 -48 -6 0.00262 

 
3.25 557 

Lingual gyrus 19 R 12 -64 2 3.09 
Occipital fusiform 
gyrus 

- R 30 -80 -18 3.07 

Lingual gyrus 19 R 16 -68 -10 3.06 
Lingual gyrus 18 R 12 -72 2 3.03 
Lingual gyrus 18 R 12 -68 -2 2.94 

BA = Brodmann Area 
*Significant after Bonferroni correction applied 
  



PhD Thesis.  GL ALDERS.  McMaster University, Graduate Program in Neuroscience 

 191 

 
 
Figure 1. Emotional Conflict Task Accuracy and Reaction Time (RT) Results 

The box-plots show medians as thick horizontal lines, while boxes represent the 

interquartile range (IQR), and whiskers extend beyond the boxes by 1.5×IQR. 

Stars (★) indicate significant differences at p < 0.05, after correction for multiple 

comparisons where appropriate. Reaction time data exhibited a significant 

emotional Stroop effect in all groups at all time-points, while an emotional Stroop 

effect was not significant in accuracy for the MDD-16 group at Week 8 or in the 

MDD-NR group at either time point. BL: data from baseline visit; Wk8: data 

collected 8 weeks after treatment initiation; CON/INC: congruent/incongruent 

stimulus condition. 
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Supplementary Material 

Table S1. Scanning protocol deviations 

Site Scanning Protocol Deviation 

One GE Discovery site Scanned without parallel imaging acceleration 

Philips site Scanned with a 1 mm inter-slice gap 

 Used a flip angle of 90º 

Siemens site Used TE = 25 ms 
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Table S2. Reasons for runs being excluded from final Emotional Conflict Task analysis, by grouping, and run number. 

 GROUPING  

 CONTROL MDD  

 Baseline Week 2 Week 8 Baseline Week 2 Week 8  

 RUN RUN RUN RUN RUN RUN  

Exclusion Criteria 1 2 1 2 1 2 1 2 1 2 1 2 Total (%) 

Total Runs 55 55 55 55 55 55 71 71 71 71 71 71 756 (100%) 

Missing/corrupted behavioural data 8 7 2 2 2 3 1 - 2 - 1 1 29 (4%) 

Missing/corrupted/poor quality fMRI 

data  

12 15 11 11 13 15 13 23 14 19 15 18 179 (24%) 

Too many errors in behavioural data 3 1 1 1 3 5 5 5 2 6 9 7 48 (6%) 

Total Runs Lost 23 23 14 14 18 23 19 28 18 25 25 26 256 (33%) 

Note: Data for participants that withdrew/missed a visit or had incidental findings on the structural MRI are not included.  
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Table S3. Emotional Conflict Task – Baseline between group comparisons 

Baseline Comparison HC MDD-8 Test 
Accuracy All Trials  .97 .92 U = 143.5 z = -2.230, p = 0.026, r = .33 
Accuracy Congruent Trials .99 .96 U = 158.5 z = -1.914, p = 0.056, r = .28 
Accuracy Incongruent Trials .96 .90 U = 142.0 z = -2.263, p = 0.024, r = .33 
    

RT All Trials  705 ms 711 ms U = 288 z = 1.107, p = 0.268, r = .16 
RT Congruent Trials 676 ms 688 ms U = 276 z = 0.830, p = 0.406, r = .12 
RT Incongruent Trials 724 ms 733 ms U = 282 z = 0.969, p = 0.333, r = .14 
    
 HC MDD-16  
Accuracy All Trials  .96 .92 U = 112.0 z = -1.90, p = 0.060, r = .29 
Accuracy Congruent Trials .99 .93 U = 114.5 z = -1.877, p = 0.068, r = .29 
Accuracy Incongruent Trials .96 .92 U = 115.5 z = -1.799, p = 0.072, r = .28 
    
RT All Trials  705 ms 693 ms U = 197.0 z = 0.473, p = 0.650, r = .07 
RT Congruent Trials 676 ms 678 ms U = 196.0 z = 0.445, p = 0.670, r = .07 
RT Incongruent Trials 724 ms 712 ms U = 186.0 z = 0.167, p = 0.880, r = .03 
    
 HC MDD-NR  
Accuracy All Trials  .97 .94 U = 155.0 z = -1.390, p = 0.165, r = .21 
Accuracy Congruent Trials .99 .97 U = 156.0 z = 1.390, p = 0.165, r = .21 
Accuracy Incongruent Trials .96 .95 U = 168.5 z = -1.047, p = 0.295, r = .16 
    
RT All Trials  705 ms 688 ms U = 233.0 z = 0.580, p = 0.562, r = .09 
RT Congruent Trials 676 ms 658 ms U = 248.0 z = 0.958, p = 0.338, r = .14 
RT Incongruent Trials 724 ms 714 ms U = 225.0 z = 0.378, p = 0.705, r = .06 

Note: Data are reported as Medians. *Significant at p ≤ .05 after Holm-Bonferroni correction.  
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Table S4. Emotional Conflict Task – Week 8 between group comparisons 

Comparison HC MDD-8 Test 
Accuracy All Trials  .96 .89 U = 120.5 z = -2.760, p = 0.006*, r = .41 
Accuracy Congruent Trials .99 .90 U = 123.0 z = -2.738, p = 0.006*, r = .40 
Accuracy Incongruent Trials .95 .89 U = 136.5 z = -2.389, p = 0.017, r = .35  
    
RT All Trials  705 ms 726 ms U = 269.0 z = 0.669, p = 0.504, r = .10 
RT Congruent Trials 670 ms 699 ms U = 284.0 z = 1.015, p = 0.310, r = .15  
RT Incongruent Trials 743 ms 754 ms U = 261.0 z = 0.484, p = 0.628, r = .07 
    
 HC MDD-16  
Accuracy All Trials  .96 .97 U = 174.0 z = -0.168, p = 0.880, r = .03 
Accuracy Congruent Trials .99 .97 U = 159.0 z = -0.594, p = 0.573, r = .09  
Accuracy Incongruent Trials .95 .96 U = 174.0 z = -0.167, p = 0.880, r = .26 
    
RT All Trials  705 ms 673 ms U = 144.0 z = -1.02, p = 0.328, r = .16 
RT Congruent Trials 670 ms 640 ms U = 153.0 z = -0.752, p = 0.466, r = .12 
RT Incongruent Trials 743 ms 687 ms U = 143.0 z = -1.03, p = 0.314, r = .16 
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Table S4. (continued) 

Comparison HC MDD-NR Test 
Accuracy All Trials  .96 .96 U = 194.5 z = -0.392, p = 0.695, r = .06  
Accuracy Congruent Trials .99 .96 U = 169.5 z = -1.042, p = 0.297, r = .16  
Accuracy Incongruent Trials .95 .94 U = 203.5 z = -0.164, p = 0.870, r = .02 
    
RT All Trials  705 ms 721 ms U = 237.0 z = 0.680, p = 0.496, r = .10 
RT Congruent Trials 670 ms 703 ms U = 258.0 z = 1.21, p = 0.226, r = .18 
RT Incongruent Trials 743 ms 745 ms U = 220.0 z = 0.252, p = 0.801, r = .04 
    
 MDD-8 MDD-16  
Accuracy All Trials  .89 .97 U = 145.5 z = 2.303, p = 0.020, r = .42 
Accuracy Congruent Trials .90 .97 U = 151.0 z = 2.557, p = 0.010, r = .47 
Accuracy Incongruent Trials .89 .96 U = 135.5 z = 1.835, p = 0.066, r = .34 
    
RT All Trials  726 ms 673 ms U = 72.0 z = -1.114, p = 0.280, r = .20 
RT Congruent Trials 699 ms 640 ms U = 69.0 z = -1.253, p = 0.223, r = .23 
RT Incongruent Trials 753 ms 687 ms U = 72.0 z = -1.114, p = 0.280, r = .20 

Note: Data are reported as Medians. *Significant at p ≤ .05 after Holm-Bonferroni correction. 
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Table S5. Emotional Conflict Task – Baseline and Week 8 within group comparisons 

Comparison Baseline Week 8 Test 
 HC  
Accuracy All Trials  .97 .96 z = -0.927, p = 0.354, r = .12 
Accuracy Congruent Trials .99 .99 z = -0.640, p = 0.523, r = .08 
Accuracy Incongruent Trials .96 .96 z =-0.789, p = 0.430, r = .10 
    
RT All Trials  705 ms 705 ms z = 0.000, p = 1.00, r = .00 
RT Congruent Trials 676 ms 670 ms z = 0.183, p = 0.855, r = .02  
RT Incongruent Trials 724 ms 743 ms z = -0.183, p = 0.855, r = .02 
   
 MDD-8  
Accuracy All Trials  .92 .89 z = -1.592, p = 0.111, r = .28 
Accuracy Congruent Trials .96 .90 z = -2.066, p = 0.035, r = .37 
Accuracy Incongruent Trials .90 .89 z = -1.250, p = 0.210, r = .22 
    
RT All Trials  711 ms 726 ms z = 0.750, p = 0.454, r = .13 
RT Congruent Trials 688 ms 699 ms z = 1.250, p = 0.210, r = .22 
RT Incongruent Trials 733 ms 754 ms z = -0.750, p = 0.454, r = .13  
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Table S5. (continued) 

Comparison Baseline Week 8 Test 
 MDD-16  
Accuracy All Trials  .92 .97 z = 2.00, p = 0.039, r = .41 
Accuracy Congruent Trials .93 .97 z = 1.206, p = 0.227, r = .25 
Accuracy Incongruent Trials .92 .96 z = 2.021, p = 0.039, r = .41 
    
RT All Trials  693 ms 673 ms z = -0.866, p = 0.388, r = .18 
RT Congruent Trials 678 ms 640 ms z = -0.866, p = 0.388, r = .18 
RT Incongruent Trials 712 ms 687 ms z = -1.443, p = 0.146, r = .29 
   
 MDD-NR  
Accuracy All Trials  .94 .96 z = 0.000, p = 1.000, r = .00 
Accuracy Congruent Trials .97 .96 z = -0.734, p = 0.463, r = .14 
Accuracy Incongruent Trials .95 .94 z = 0.000, p = 1.000, r = .00 
    
RT All Trials  688 ms 721 ms z = -0.267, p = 0.791, r = .05 
RT Congruent Trials 658 ms 703 ms z = -0.267, p = 0.791, r = .05  
RT Incongruent Trials 714 ms 745 ms z = -0.802, p = 0.424, r = .15 

Note: Data are reported as Medians. 
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Supplementary Methods 

Multivariate Outlier Detection 

To detect scans corrupted by motion, the average of each of the six rigid-body 

motion parameter estimates was calculated for each time-series. Three 

multivariate outlier detection techniques were then applied to the six mean motion 

parameters from each site. The outlier detection methods included: 1) a FAST-

MCD (minimum covariance determinant) [203]; 2) a bootstrap version of MCD 

using "component score" distance; and 3) a bootstrap version of MCD using 

Mahalanobis distance. These algorithms flagged any scans whose mean motion 

was away from the distribution mean in any direction. Thus, participants could 

also be flagged when having minimal motion compared to the rest of the scans 

from a particular site. To address this, results of outlier detection techniques were 

combined with a total-displacement (TD) value calculated based on the 6 motion 

parameters for each scan: 

 !" = $(&' + 75+)- + .&/ + 7501
- + (&2 + 753)- 

Where dx, dy and dz are displacements on the right-left, anterior-posterior and 

interior-superior axes respectively, and roll (r), yaw (y) and pitch (p), with values 

in radians, respectively. 

The decision to remove a particular scan from further analysis was based on the 

following criteria: 1) a scan was flagged by at least two outlier detection methods 

and TD of the scan was ≥ 1 SD of the mean TD for all sites, or, 2) a scan was 
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flagged by one outlier detection method and TD of the scan was > 2 SD of the 

mean TD for the entire sample.  
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Abstract 

We present a case of a 60-year-old male referred to a tertiary psychiatric facility 

for diagnostic assessment due to low mood and behavioral changes. Neurological 

examination of the patient was unremarkable. Magnetic resonance imaging (MRI) 

indicated overt ventriculomegaly with gross dilatation of lateral and third 

ventricles. Manual segmentation of gray matter, white matter and cerebrospinal 

fluid demonstrated that the patient had a ventricular volume almost 46 times 

greater than that of healthy volunteers in the same age range. Despite his striking 

degree of ventriculomegaly and cortical thinning, he presented primarily with 

psychiatric and cognitive complaints. These represented a major neurocognitive 

disorder. His behavior improved with a structured environment and routine 

instituted by the treating team. This is a dramatic example of the brain’s response 

to extreme structural remodeling. Elements of pluripotentiality may counteract 

degeneracy to preserve functions in cases of serious structural stress in the brain. 

Changes in the neural circuitry of emotional processing, and/or disruption in 

signaling pathways important for synaptogenesis may influence depression 

pathophysiology. How this circuitry is modified in cases of extreme structural 

stress such as long-standing overt ventriculomegaly, is unclear. This case 

demonstrates the ability of the brain to generate a normal phenotype despite 

structural changes that seem incompatible with advanced cognitive function, 

illustrating the substantial potential for adaptability and plasticity in the brain. 
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Introduction 

The idea of applying brain imaging to explore psychiatric disorders is not new 

(Andreasen, 1988); nonetheless, psychiatry has not yet found many clinical roles 

for neuroimaging. One of the challenges has been that although we can obtain 

detailed imaging of brain structure with a resolution of 0.8-1 mm, anatomical 

abnormalities are not specific, and it is often difficult to correlate them with brain 

function. Extreme cases of hydrocephalus that demonstrate this principle have 

been described in the literature (Canu et al., 2005; Feuillet et al., 2007; Lewin, 

1980). Indeed, long-standing overt ventriculomegaly in adults has been proposed 

as a unique clinical entity, comprised of a form of chronic hydrocephalus that 

progresses without the clinical and behavioral symptoms that would be expected, 

given the often quite dramatic degree ventricular enlargement (Oi et al., 1996; Oi 

et al., 2000). The clinical manifestations of hydrocephalus depend on the time of 

appearance and nature of onset (Del Bigio, 2010). While some data gathered from 

rats and humans have suggested that the degree of ventricular dilatation may be 

associated with the degree of motor and cognitive deficits (Del Bigio et al., 2003; 

Olopade et al., 2012), this is not always the case (de Oliveira et al., 2011). Dr. 

John Lorber famously described a student with an IQ of 126 and an honors degree 

in mathematics, who was socially normal despite having massive hydrocephalus 

and only a thin mantle of cortical thickness (Lewin, 1980). Another described 

case is that of a 44-year-old married father of two who worked as a civil servant 

(Feuillet et al., 2007). Despite having severe hydrocephalus, he had an IQ of 75, 
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verbal IQ of 84, and lived a relatively normal life; although, he did suffer from leg 

weakness, which had prompted his presentation. In the context of psychiatric 

disorders, it is important to identify any underlying organic causes. 

Here we present the case of a 60-year-old male who presented with mood 

symptoms and was referred to a tertiary psychiatric facility for diagnostic 

clarification and treatment recommendations for depressed mood. Interestingly, 

despite his striking degree of ventriculomegaly and cortical matter loss, he 

presented with few neurological findings and presented with primarily psychiatric 

and cognitive complaints. 

A written consent from the patient substitute decision maker was obtained, 

providing consent for the publication of this report. 

Case Presentation 

Patient CS, a single 60-year-old male presenting with a history of generalized 

anxiety with panic, major depressive disorder, and excessive guilt, was referred 

from a county hospital to a tertiary psychiatric facility for clarification of 

diagnosis and a more comprehensive assessment. His sister, and the family 

physician that had been following the patient for the past four years, helped 

provide collateral history. His family noted that he was born with a large head. He 

had a history of meningitis at the age of 9 or 10 after which it is thought that he 

developed a non-communicating hydrocephalus. His past psychiatric diagnoses 

included major depressive disorder, generalized anxiety disorder with panic, 

personality disorder, and “borderline intelligence”. He had several admissions to a 
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psychiatric ward over the past 3 years for low mood and had been trialed on 

numerous psychotropic medications (citalopram, lithium carbonate, risperidone, 

olanzapine, quetiapine, paliperidone, clomipramine, clonazepam, lorazepam) with 

little effect or benefit. At the time of admission, he did not smoke, drink alcohol, 

or take illicit drugs. His past medical history was significant for hypothyroidism 

corrected with the use of thyroxine, bowel resections secondary to possible 

malignant changes, fatty liver with lobar resection secondary to liver cancer, and 

nephrolithiasis.  

He was born and raised in Europe until the age of 5, when he immigrated 

to Canada, and is bilingual. His family reported that he had always had a large 

head, micropenis, central obesity and short stature. He had a history of being 

bullied for “looking like a girl” and being different. At school his peers were 

physically aggressive, hitting him on his head. Born the youngest of 7 siblings, he 

was raised by his parents and lived under their care into adulthood, until both 

parents passed away – his father had Diabetes Miletus and his mother had a brain 

tumor. Thereafter, he was taken care of by his sister. He had an older brother who 

also passed away secondary to a brain malignancy. One brother has dyslipidemia, 

and two sisters and one brother are healthy. He had no employment history and as 

a child had always struggled in school, completing a vocational stream of 

education until grade 10. Socially, he was active in a band for a few years (plays 

guitar well) and sang in a church choir. However, he never lived independently, 

and had no romantic relationships. 
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Initial assessment revealed that he was a poor historian unable to give an 

accurate timeline of events. He often expressed fears that he was going to die. He 

suffered from delusions of guilt that he had caused the deaths of family members. 

His conversation was repetitive, he repeatedly asked the same questions and 

restated his fear of dying despite several reassurances. He had no history of self-

harm or suicide attempts. On physical examination, he had a wide stance 

waddling gait, slow movements, limited arm swing and masked facies. He was 

noted to have enlarged head circumference (62.5 cm) and limited insight into his 

illness and the need for treatment. His clinical presentation prompted examination 

with magnetic resonance imagining (MRI) of the brain and formal 

neuropsychological testing.   

Investigations 

Magnetic Resonance Imaging 

A sagittal T1, axial T2, axial T2 FLAIR, and diffusion-weighted images were 

acquired throughout the brain. Findings indicated a long-standing overt 

ventriculomegaly, likely due to aqueductal stenosis, with bilateral gross dilation 

of the lateral and third ventricles, with a small aqueduct and fourth ventricle, with 

significant thinning of the corpus callosum and overlying cerebral cortex. 

Vascular flow-voids at the base of the brain were normal and there were no mass 

lesions, significant sulcal effacement, downward tonsillar herniation or restricted 

diffusion observed. 
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Manual segmentation of grey and white matter, and cerebrospinal fluid 

(Figure 1) of high-resolution T1 weighted MRI images was completed with 

Freeviewer in FSL (Jenkinson et al., 2012). Automatic segmentation of sex and 

age matched healthy controls (one aged 60, three aged 55 years, Table 1) was 

completed with the FreeSurfer (http://surfer.nmr.mgh.harvard.edu/) recon tool. 

The participant's volumes were converted to Z scores for comparison. Compared 

to similarly aged control participants, the patient had extremely large ventricular 

volume (821,452 mm3, Z = 161), reduced white (333,606 mm3, Z = -2.655) and 

grey (432,184 mm3, Z = -3.07) matter volume, and within normal range total 

intracranial volume (1,587,242 mm3, Z = 0.57) see Table 1 and Figure 1.  

Neurological Assessment 

The patient's neurological exam was unremarkable 

Neuropsychological Assessment 

The Wechsler Adult Intelligence Scale (WAIS-III) (Wechsler, 1997) revealed a 

borderline IQ of 79, with a verbal IQ of 88, non-verbal performance IQ of 74, 

poor working memory IQ of 71, verbal comprehension IQ of 93, and visual-

spatial IQ of 80. The patient had difficulty completing tasks requiring working 

memory, which was in the 3rd percentile, and processing speed was extremely 

slow (in the 1st percentile). Hopkins Auditory Verbal Learning Test (Brandt, 

1991) indicated severe memory impairment, with initial memory for only a few 

items, no significant recall between administrations, and inability to recall any 

information after a brief delay. Rey-Osterrieth Complex Figure Task (Osterrieth, 
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1944; Rey et al., 2014) performance indicated impaired visual spatial and working 

memory abilities with more attention to small details, missing elements, and less 

attention to the overall image. The Stroop test (Stroop, 1935) indicated impaired 

executive function, scoring below the 1st percentile, with a severe inability to 

suppress automatic responses.  

Treatment 

Patient CS was referred for a neurosurgery consult due to what appeared to be a 

long-standing history of hydrocephalus. The neurosurgery service recommended 

no role for neurosurgical intervention as there had been no recent decompensation 

of his chronic hydrocephalus. It was concluded that the patient's increasing 

inability to cope at home and worsening cognitive ability represented an early 

onset major neurocognitive disorder. Interestingly, he may have suffered from 

panhypopituitarism that is known to be a rare exclusive presentation of chronic 

hydrocephalus (Edwards et al., 2004). Nonetheless, his sensory and motor deficits 

were noncontributory to his presentation compared to his mood and cognitive 

complaints. 

While on the inpatient ward, his behavior improved due to having a 

structured environment and routine instituted by the treating team. In particular, 

he responded well to positive reinforcement and encouragement that reinforced 

positive behaviors, such as playing his guitar (including a 3-hour jam session) and 

socializing with those around him. Furthermore, his rumination regarding guilt 

that he had somehow caused the death of his loved ones decreased when he was 
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repeatedly given a rational explanation for their deaths. Treatment involved 

tapering the patient off most of his psychotropic medications. At discharge, the 

patient continued only on his thyroxine and cholestyramine as well as a small 

dose of citalopram due to patient’s and family’s preference, and their hopes that 

this would help reduce his anxiety symptoms. 

Discussion 

This case provides a dramatic example of the brain’s adaptability in response to 

extreme structural remodeling and demonstrates one extreme of the clinical 

manifestations of long-standing hydrocephalus. What seems clear is that the brain 

has mechanisms in place for reorganization and preservation of function, such as 

redundancy or spared capacity (Lewin, 1980). This allows adaptability and 

functional reorganization of neural circuits, resulting in the retention of function. 

While the patient had ventricles almost 46 times greater than similar aged 

individuals, his grey and white matter volume, although appearing 'compressed', 

was, to a large extent, preserved. He was dependent, with some preserved 

functioning, no neurological complaints, presenting primarily with psychiatric and 

cognitive complaints. This may be influenced by structural relationships of 

pluripotentiality of the human brain (a one-to many structure-function 

relationship) (Friston & Price, 2003), which may come at the cost of utilizing the 

cerebral reserve (Canu et al., 2005), and may be a reasonable explanation for his 

early onset of cognitive difficulties and perhaps a disposition (heightened 

vulnerability) for mood disturbances.  
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A recent review provides evidence for topographically organized 

interconnected networks between cerebellum, basal ganglia, and the cortex, that 

span processing of cognitive, motor, and affective information (Bostan & Strick, 

2018). This may be a network level example of degeneracy (Friston & Price, 

2003) – "the ability of elements that are structurally different to perform the same 

function or yield the same output"(Edelman & Gally, 2001) and may explain 

some of the patient's preserved function, including being fluent in two languages 

and mastering playing a musical instrument. Altered cortical mapping in 

congenitally blind humans suggests cortical regions are ‘cognitively pluripotent’ 

during neurodevelopment, with regions associated with vision changing 

developmental trajectory to process information from different sensory 

modalities, shaped by experience and limited by physical connectivity (Bedny, 

2017). Elements of pluripotentiality may counteract degeneracy to preserve 

functions in such cases of serious structural remodeling in the brain. 

When we conceptualize psychiatric disorders, we believe that they 

originate in the brain and result from a complex interaction of genetic and 

environmental factors. However, understanding how psychiatric illness develops 

and manifests itself within the brain has proven to be far from a simple task. 

Convergent data from post-mortem studies and neuroimaging suggest that 

abnormalities in the neural circuitry underlying emotional processing play an 

important role in the pathophysiology of depression (Price & Drevets, 2010). 

Individuals who experience severe or prolonged stress are at an increased risk for 
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neuropathological effects of stress including development of depression and other 

psychiatric disorders (Lucassen et al., 2014). Social and environmental risk 

factors, and adverse experiences, modulated by genetic factors, have been shown 

to impact the same neural circuits that underlie mood regulation (Meyer-

Lindenberg & Tost, 2012). Further, disruption of principle signaling pathways 

important for synaptogenesis are associated with the pathophysiology of 

depression (Duman et al., 2016). While the precise mechanism of action of 

antidepressant treatments remains unclear, it has been suggested that they may 

work by enhancing neuronal plasticity (Castrén & Hen, 2013), providing one 

explanation for the delay between when treatment is initiated and when patients 

begin to experience symptom amelioration (Harmer & Cowen, 2013). It is 

through visualizing psychiatric disorders as disorders in neural circuitry that novel 

treatments like deep brain stimulation have been and continue to be developed 

(Lozano & Lipsman, 2013). Less invasive psychological and pharmacological 

interventions utilizing this model have yet to be developed. As this case 

demonstrates, the ability of the brain to generate a normal phenotype despite 

structural changes that seem incompatible with advanced cognitive function, 

illustrate the potential for adaptability and plasticity within the brain.  
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Tables and Figures 

Table 1. Comparison of ventricular volume, white matter, grey matter, and total estimated intracranial volume in patient CS 

compared to sex and age matched controls   

 

* Left and right lateral ventricles, left and right inferior lateral ventricles, third and fourth ventricles 

** Left and right hemisphere cortical white matter 

*** Subcortical grey matter, left and right hemisphere cortex, cerebellar grey matter 
# Total intracranial volume mm3 

Participant 

(Age) 

Ventricular 

Volume*  

(mm3) % 

White Matter 

Volume** 

(mm3) % 

Grey Matter Volume*** 

(mm3) % 

Total Estimated Intracranial 

Volume mm3 

HC1 (60) (18,642) 1.31% (409,828) 29% (563,787) 40% 1,419,546 

HC2 (55) (12,917) 0.91% (418,055) 29% (550,945) 39% 1,420,196 

HC3 (55) (24,599) 1.49% (489,911) 30% (670,738) 41% 1,648,324 

HC4 (55) (15,786) 0.99% (492,760) 31% (613,109) 39% 1,590,823 

Means (17,986) 1.18% (452,639) 30% (599,645) 39% 1,519,722 

Patient CS (821,452) 51.75% (333,606) 21% (432,184) 27% 1,587,242# 

Patient CS 

Z scores 

161.0 -2.655 -3.07 0.57 
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Figure 1. From top to bottom: T1-weighted magnetic resonance imaging (MRI) 

images in the transverse, coronal, and sagittal planes of Patient CS (A-C) and a 

healthy age- and sex-matched control participant healthy control 1 (HC1) aged 60 

(E-G). Three dimensional image of Patient CS' ventricular space (D), and (H) 

three dimensional images of left and right lateral, and third ventricles taken from 

the Freesurfer (Dale et al., 1999) average of 35 brains template.  
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Chapter 7 

General Discussion 

The brain has the capacity to modify to adapt to novel circumstances (Demarin et 

al., 2014). Some changes in neural circuitry may begin as adaptive measures in 

response to stress such as hypervigilance in response to a threat situation 

(McEwen et al., 2012). If this behavior and the concomitant neural changes in 

circuitry persist once the peril passes, it becomes maladaptive and could facilitate 

changes leading to the development of psychiatric disorders such as major 

depressive disorder (MDD) (Liu et al., 2017; McEwen et al., 2012). Advances in 

neuroimaging technology have facilitated the study of neuroplastic changes in the 

brain in patients with MDD. While the pathogenesis of MDD is still unclear, 

dysregulation of the hypothalamic-pituitary-adrenal (HPA) axis may be involved 

in the etiology of MDD (Menke, 2019) and of MDD in perimenopause (Gordon et 

al., 2015) and may promote the neuroplastic changes observed in MDD (Belleau 

et al., 2019; Dillon & Pizzagalli, 2018; McEwen, 1999; Pittenger & Duman, 

2008). Whether neuroplastic changes precede MDD or occur as a result of MDD 

is still unclear (Schmaal et al., 2015). The hippocampus is a stress sensitive 

structure and recent advances in automated tissue segmentation have suggested 

that greater hippocampal volume reductions are associated with increased disease 

duration (Roddy et al., 2019), but have been observed as well in MDD patients in 
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a first presentation of MDD (Roddy et al., 2019). However, a large meta-analysis 

found no differences between healthy control participants, and patients 

experiencing a first major depressive episode (MDE) (Schmaal et al., 2015). 

Characterizing functional similarities and differences between patients with MDD 

and healthy comparison participants (HC) is key to establishing the baseline level 

of neural functioning in patients, prior to treatment begin. Being able to 

characterize how neural functional activity changes across time as a result of 

treatment with antidepressants may provide valuable information in the quest to 

identify a biomarker to predict antidepressant response in MDD. There are still 

gaps in understanding the degree, timing, and extent of neuroplastic changes in 

depression, and how they are affected by antidepressant treatment. The research 

presented in this dissertation aims to provide additional characterization and 

context to neuroplastic changes that accompany depression. 

Chapter 2 presented the data from a study examining hippocampal 

function and cognitive performance in treatment naïve patients presenting for 

treatment for MDD for the first time, on a hippocampal-dependent memory task. 

The study objective was to assess whether differences in cognitive and functional 

neuroimaging measures of hippocampal activity can be observed in treatment 

naïve patients presenting for treatment for MDD for the first time, given that 

changes in hippocampal integrity have been associated with MDD. Study results 

indicated that on behavioural measures of guessing, recollection memory and 

habit memory, the MDD patient group did not differ from HC as has been 
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previously reported (Bazin et al., 1994; MacQueen et al., 2002). These results 

may be contrasted with results of a process dissociation task in a sample of mostly 

unmedicated MDD patients with a first MDE, MDD patients with multiple MDEs 

and HC, in which both patient groups demonstrated impaired recollection memory 

compared to HC, but not compared to each other, and MDD groups’ 

performances were similar to HC in terms of habit memory and guessing 

(MacQueen et al., 2003). Findings from a study of MDD patients with at least 3 

MDE reported that patients were impaired on both recollection and habit memory 

compared to HC (Milne et al., 2012). The findings in our study must be 

interpreted cautiously, as it is possible that a sample of patients presenting for the 

first time, even though not necessarily experiencing a first MDE, may have 

common characteristics that contribute to the similar performance on the process 

dissociation task between MDD and HC. With respect to fMRI findings in 

Chapter 2, functional neuroimaging data indicated that the MDD group 

demonstrated increased neural activity in bilateral hippocampus on habit memory 

trials and increased bilateral activity in parahippocampal gyrus on non-item trials, 

without demonstrating a corresponding impairment in hippocampus-dependent 

memory, as compared to the comparison group. While increased activity in 

bilateral hippocampal gyrus on recollection memory trials was observed in MDD 

compared to the comparison group, these results were not significant after 

correction for multiple comparisons. However, taken together, these results 

suggest that to perform similarly to the comparison group on a process 
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dissociation memory task, patients in the MDD group (who were acutely 

depressed at the time of the study) needed to recruit more neural resources, 

suggesting that even at a first presentation for MDD treatment, differences in 

hippocampal functioning were already present. These results suggest that the 

increased neural activity observed in the MDD group, with no significant 

differences between groups in behavioural measures, may be implemented as a 

compensatory mechanism. These findings may be compared with observations of 

memory performance in patients with MDD receiving antidepressant treatment 

including dysregulation in hippocampal function on a memory task (no 

relationship between hippocampal neural activity and memory task performance) 

and the recruitment of an additional region – intraparietal sulcus, in spite of no 

differences in behavioural performance (Fairhall et al., 2010); an inability to 

regulate hippocampal neural activation on an associative spatial memory task on 

which an MDD group with extensive MDD history performed poorly compared to 

HC (Finkelmeyer et al., 2016); and a reduction in neural activity in hippocampal 

and parahippocampal gyri on a process dissociation task in patients with extensive 

history of MDD with poorer performance on both habit and recollection memory 

trials compared to healthy control participants (Milne et al., 2012). These findings 

also suggest that in this sample of patients, habit and recollection memory in a 

process dissociation task are not discernably influenced by mood. This is similar 

to the findings of MacQueen et al. (2002), who report that patients with more 

MDEs had a greater likelihood for impaired recollection memory, and that 
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patients responding to antidepressant treatment did not perform significantly 

better than patients that did not respond to antidepressant treatment, on a process-

dissociation memory task. MacQueen et al. (2002) concluded that past burden of 

illness may have a greater influence on memory abilities than current mood state, 

as having a lower depression symptom score did not translate into better 

recollection memory scores. The persistence of cognitive impairment in MDD 

when patients reach a euthymic state suggests a dissociation of cognitive 

impairment and mood symptoms (Zuckerman et al., 2018). 

As antidepressant treatment may alter hippocampal functioning (Wessa & 

Lois, 2015) and structure (Dusi et al., 2015; Frodl et al., 2008), a particular 

strength of the study was that we were able to apply an fMRI process dissociation 

task that specifically measured hippocampus-dependent memory in an 

antidepressant treatment naïve sample of patients with MDD presenting for 

treatment for the first time. This allowed us to observe functional differences in 

hippocampal functioning prior to the application of an antidepressant treatment, 

which may change functional activity patterns in hippocampus (Wessa & Lois, 

2015) as well as hippocampal morphology (Dusi et al., 2015; Frodl et al., 2008). 

Use of an ROI approach allowed us to make a more direct connection between 

brain structure and function and neutralize the effects of anatomical inter-subject 

variability without spatially smoothing data, which contributes to the blurring of 

regional boundaries and can decrease statistical test sensitivity and greatly 
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decrease resolution (mindhive: A community portal for MIT brain research, 2008; 

Nieto-Castanon et al., 2003).  

In terms of limitations, although our sample was antidepressant treatment 

naïve and presenting for treatment for MDD for the first time, participants were 

not necessarily experiencing a first MDE (mean of 2.6 MDE). It is possible that 

results may have differed examining hippocampus-dependent memory in a group 

of patients experiencing a first MDE, as opposed to experiencing the most recent 

of several MDEs, given that progressive neuroplastic changes in the hippocampus 

appears to be occurring in patients that experience recurrent episodes of MDD 

(Roddy et al., 2019; Schmaal et al., 2015). In addition to this, our ROI approach 

concentrating exclusively on the hippocampus meant that we were unable to 

verify whether additional bran regions were recruited when completing the 

process dissociation task. A related limitation is that while the approach of 

manually tracing the ROI on a summed co-registered anatomical image at the 

group level allows for the disambiguation of amygdala from the anterior 

hippocampal region (Boccardi et al., 2011; Yucel et al., 2008), we cannot rule out 

that the traced ROIs may have included activity contributed by voxels in the 

amygdala due to partial volume effects (Dukart & Bertolino, 2014). Finally, the 

sample size was modest (N = 13 HC, 13 MDD). A larger sample size may have 

increased the power of our study.  

In spite of these limitations, this study provided evidence that there is 

different hippocampal function with preserved memory function in an MDD 
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treatment naïve group compared to HC. This suggests that changes in 

hippocampal functional activity may be present early in MDD development, 

possibly prior to the emergence of changes in hippocampal morphometry. 

Building on these findings, a repeated measures longitudinal study of functional 

activation during hippocampus-dependent memory tasks together with an 

examination of changes in integrity of hippocampal substructures and 

concomitant changes in MDD symptomatology would provide greater insight and 

context to the progressive changes that occur in hippocampus in patients with 

MDD.  

Chapter 3 presented data from a study examining the differential effects of 

an acute tryptophan depletion (ATD) paradigm on emotional Stroop performance 

in a sample of midlife women receiving estrogen-based treatment. The study 

objective was to examine the modulatory effect of estrogen treatment (ET) on 

mood through the interaction of estrogen on the serotonergic system in 

perimenopausal women receiving ET. While there was a significant reduction in 

mood and vasomotor symptoms in the study sample after beginning ET, ATD did 

not elicit significant changes in mood or vasomotor symptoms, suggesting that 

mediation of the effects of ET on thermoregulation and mood may not be 

facilitated via immediate availability of serotonin. Alternately, it is possible that 

the high dose of transdermal ET administered to participants compensated for 

reductions in serotonergic availability effected through ATD, providing a state of 

serotonergic homeostasis, and thus avoiding the emergence of mood deterioration 
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that may accompany ATD. In terms of the emotional Stroop task, there were no 

differences between ATD and Sham conditions in behavioural responses as 

measured by reaction time (RT) and accuracy scores. The emotional Stroop effect 

was evident within both conditions as measured by RT, similar to previously 

published studies in HC groups (Etkin et al., 2006; Frey et al., 2010; Wortinger et 

al., 2017) and in a group of perimenopausal to late menopausal women not 

receiving ET (Frey et al., 2010). The expected effect of higher accuracy on 

congruent compared to incongruent trials was not detected (Etkin et al., 2006; 

Gold et al., 2015; Wortinger et al., 2017), and is also similar to previous findings 

in a group of perimenopausal to late menopausal women not receiving ET (Frey et 

al., 2010). A key difference in behavioural results between conditions was that 

incongruent adaptation (the tendency to respond faster and more accurately on an 

incongruent trial preceded by an incongruent trial compared to an incongruent 

trial preceded by a congruent trial) was observed in the Sham condition in 

accuracy but not RT, which is supported by previous findings (Chechko et al., 

2014; Clayson & Larson, 2013; Gold et al., 2015; Krug & Carter, 2010). On the 

contrary, in the ATD condition incongruent adaptation was observed only in RT, 

while no difference in accuracy was observed, similar to previous findings in a 

group of perimenopausal to late menopausal women not receiving ET (Frey et al., 

2010). In terms of neuroimaging, the study found lower levels of neural activity in 

ATD compared to Sham for incongruent adaptation in lateral occipital cortex, 

angular gyrus, caudate, and middle temporal gyrus. The caudate is involved in 
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emotion regulation (Alexander et al., 1986), while middle temporal gyrus is 

important for emotion processing (Iidaka et al., 2001). Observing incongruent 

adaptation in RT and the reversal in the expected response facilitation in ATD, 

together with reduced neural activity in regions important for processing of 

emotional information suggests that serotonin availability may be important for 

the processing of conflicting emotional information. Conversely, increased neural 

activity in ATD compared to Sham on the emotional Stroop comparison and on 

incongruent trials and on cI trials without accompanying differences in 

behavioural performance, suggests that supplementary neural regions may be 

recruited to attain levels of responding similar to those observed in the Sham 

condition. 

A strength of using ATD is that this manipulation allowed us to examine 

the effect of low serotonin levels on processing of emotional information without 

the confound of low mood. This was also the first study to observe the effects of 

ATD on behavioural and functional neural activity on emotional Stroop in a group 

of midlife women receiving transdermal ET.  

In terms of limitations, this study would have been strengthened with the 

inclusion of baseline Sham and ATD testing of participants prior to starting ET, or 

the inclusion of a two group of participants with high and low levels of mood 

symptoms prior to starting ET. This would have enabled us to measure changes in 

emotion facilitated by addition of ET, and to determine whether temporary 

depletion of tryptophan levels prior to ET begin would have had measurable 
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effects on behavioural and functional responding on an Emotional Conflict Task 

in women at different risk levels for developing perimenopausal MDD. A further 

limitation is the modest sample size, which limits the generalizability of our 

results. 

Notwithstanding these limitations, this study was important in that it was 

the first to report effects of ATD on behavioural and functional neural activity on 

emotional Stroop in a group of midlife women receiving transdermal ET. The 

findings support the hypothesis that the influence of transdermal ET on mood in 

perimenopause may be mediated by its influence on longer lasting changes in the 

serotonergic system including increased serotonin receptor density (Moses-Kolko, 

2003; Rybaczyk et al., 2005) and serotonin efficacy (Rybaczyk et al., 2005), 

which are less likely to be influenced by an acute reduction in serotonin 

availability as is the case in ATD. 

Chapter 4 presented findings from a study comparing performance of 

unmedicated patients with MDD and HC on a series of cognitive tasks including 

RT, cognitive flexibility, executive functioning and simple Stroop RT as 

measured by the CNS-Vital Signs (CNS-VS; Gualtieri & Johnson, 2006) 

computerized test battery, and on an fMRI Emotional Conflict Task. The study 

objective was to characterize baseline differences between an unmedicated MDD 

group as a whole and HC on an Emotional Conflict Task, as part of a larger study 

of longitudinal data from this group which, due to the volume of information, was 

divided and the second part is presented in Chapter 5. This study found that RT, 
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as measured by scores on a computerized test battery, was not significantly 

different between MDD and HC groups. This research identified that unmedicated 

patients with MDD and HC both showed a strong emotional Stroop effect as 

measured by RT and accuracy, which is similar to previously reports (Chechko et 

al., 2009; Cheng et al., 2015; Etkin et al., 2006; Etkin & Schatzberg, 2011; 

Fournier et al., 2017; Wortinger et al., 2017). Nevertheless, the MDD group 

showed overall lower accuracy scores compared to HC, in contrast to other 

studies comparing MDD and HC (Etkin et al., 2006; Fournier et al., 2017). HC 

demonstrated incongruent adaptation in RT, but not accuracy, which has also been 

noted in other studies (Chechko et al., 2009; Etkin et al., 2006). However, MDD 

demonstrated incongruent adaptation in accuracy but not RT, which is also a 

result that has been previously reported in HC (Clayson & Larson, 2013; Krug & 

Carter, 2010). Gold et al. (2015) suggest two types of incongruent adaptation 

involving (a) response facilitation which would be measured by RT and (b) skill 

in execution of the task, which would be measured by accuracy. In terms of the 

current study, the unmedicated MDD group demonstrated incongruent adaptation 

in task execution, without experiencing a facilitation in RT. Neuroimaging 

findings indicated that MDD demonstrated lower neural activity on a number of 

comparisons in the core neural network important for face perception, including 

lateral occipital cortex, which is involved in emotion recognition and in 

processing structural aspects of the face (Nagy et al., 2012; Pitcher et al., 2008), 

the superior temporal sulcus, which is involved in identification of dynamic facial 
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features (Puce et al., 1998), and occipital fusiform gyrus, which facilitates 

perception of dynamic and static facial information (Kanwisher et al., 1997; 

Parvizi et al., 2012). Decreased neural activity in regions associated with 

emotional conflict resolution and perception of faces may be related to the overall 

reduced levels of accuracy identified in the MDD group. Although the lower 

levels of neural activity were observed in the MDD group in anterior 

supramarginal gyrus (associated with automatic reading (Stoeckel et al., 2009)), 

and left planum temporale (associated with silent reading of single words 

(Buchsbaum et al., 2005)), the MDD group still demonstrated a robust Stroop 

effect. Further, a number of neural regions in which lower levels of neural activity 

were observed in MDD compared to HC belong to the ACC-basal ganglia-

thalamocortical circuit, or the ‘limbic’ circuit (Alexander et al., 1986). The most 

prominent finding of this study was the overall decrease in task-related neural 

activity compared to HC, in addition to the findings that there were no between 

group differences in behavioural or neural activity in fear > happy trials. Contrary 

to some prevailing theories of emotional information processing in MDD 

(Bhagwagar et al., 2004; Scheele et al., 2013), this suggests that this sample of 

patients with MDD did not interpret emotional information through the lens of a 

negative bias. Instead, the overall reduction in accuracy suggests a generalized 

insensitivity to emotion, regardless of valence, as previously reported (Persad & 

Polivy, 1993). However, other studies have reported no between group differences 

in neural activity (Fournier et al., 2017), or recruitment of additional neural 
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regions when completing the Emotional Conflict Task (Etkin & Schatzberg, 

2011). Conflicting findings such as these, may be considered within the schema of 

the National Institute of Mental Health's Research Domain Criteria initiative 

(RDoC), which encourages empirical data integration across genetic and 

neuroscience platforms to promote a cross-diagnostic classification rubric (Insel et 

al., 2010). As outlined in the introduction, MDD symptomatology can vary from 

patient to patient, including symptoms that span both extremes of a spectrum 

(insomnia to hypersomnia, psychomotor slowing to agitation, significant weight 

loss to significant weight gain). Grouping participants by symptom or emotional 

information processing style, rather than altogether under the umbrella of a single 

diagnosis, may bring characteristics of these groups into sharper relief, and help to 

reduce and explain the large range of variance observed in studies examining 

emotional information processing in MDD, including the current study. It is 

entirely possible that a sub-type of participant with MDD may adhere to a 

negative attention bias or have trouble disengaging from negative information 

(Bouhuys et al., 1999; Bourke et al., 2010; Gotlib et al., 2011; Stuhrmann et al., 

2011), while patients in a different sub-group may display behaviour that 

conforms more closely to the emotion context insensitivity hypothesis – the idea 

of an overall reduction in responding to emotional stimuli, regardless of the 

valence (Bylsma et al., 2008; Rottenberg, 2005). 

 A limitation to this study is the criticism that the Emotional Conflict Task 

addresses only “hot” cognition due to a focus on emotional stimuli (Roiser & 
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Sahakian, 2013) and a lack of neutral or ambiguously valenced stimuli. From the 

perspective of Becks’ cognitive model of depression (Beck, 2002), MDD patients 

may either project ‘heat’ from their own negative cognitions and expectations 

onto neutral or ambiguous stimuli or these cognitions may influence the bottom-

up processing of stimuli with emotional valence (Roiser & Sahakian, 2013). 

However, it is likely that elements of emotion and cognition are integrated and 

contribute to response selection rather than operating independently (Pessoa, 

2008). Nevertheless, a future study may benefit from the inclusion of a neutral 

category in the Emotional Conflict Task.  

Although this study had some limitations, these results provided evidence 

of reduced accuracy and reduced neural activity in an unmedicated sample of 

patients with MDD compared to HC, with a preserved emotional Stroop in terms 

of RT and accuracy. A key finding was the lack of between group differences in 

processing of happy versus fearful faces, and in the MDD group specifically, the 

overall lower accuracy in emotion recognition, and overall reduction in neural 

activity across several contrasts related to Stroop execution, compared to HC. The 

lack of between group differences in processing of happy versus fearful faces 

contests the negative attention bias hypothesis (Bhagwagar et al., 2004; Scheele et 

al., 2013), and provides support for the emotion context insensitivity hypothesis 

(Rottenberg et al., 2005) which posits that in MDD there is an overall blunting of 

responding to emotional stimuli regardless of the valence, as observed in our 

study. The emotion context insensitivity hypothesis explains decreased emotional 
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reactivity in MDD as an overall hesitation to initiate motivated action in response 

to external emotional cues (Rottenberg et al., 2005) and we observed decreased 

neural activity in MDD compared to HC on the Emotional Conflict Task. 

Chapter 5 presented the results of a study examining the baseline 

predictive value of indices of task-based behavioural and neural activity on an 

Emotional Conflict task in determining remission or non-remission in response to 

treatment with escitalopram or escitalopram with adjunctive aripiprazole in 

unmedicated patients with MDD and HC. MDD patients were divided into groups 

of patients who reached remission week 8 post-treatment begin (MDD-8), at week 

16 post-treatment begin (MDD-16), or who did not reach remission at either week 

8 or 16 (MDD-NR). A strong emotional Stroop effect in RT was observed in all 

groups at both baseline and Week 8 measurements, which is similar to previously 

published literature in HC and MDD (Chechko et al., 2009; Cheng et al., 2015; 

Etkin et al., 2006; Etkin & Schatzberg, 2011; Fournier et al., 2017; Wortinger et 

al., 2017). With respect to emotional Stroop in accuracy, at baseline this was 

observed in HC, MDD-8 and MDD-16 and reflects previously published findings 

in MDD and HC (Etkin et al., 2006; Favre et al., 2015; Fournier et al., 2017; Rey 

et al., 2014; Torres-Quesada et al., 2014). By Week 8, only HC and MDD-8 

demonstrated emotional Stroop in accuracy. The only between group difference in 

accuracy was observed between HC and MDD-8 at Week 8, with MDD-8 

demonstrating lower accuracy overall and on congruent trials, but not on 

incongruent trials. This discrepancy is important in that it advances the idea that 
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the accuracy difference may be attributed to impaired emotion recognition in the 

MDD-8 group, rather than disinhibition in responding or to a speed/accuracy 

trade-off. In terms of neural activation, on all baseline comparisons of MDD 

groups with HC, reduced levels of neural activity were observed in multiple 

regions. These findings were contrary to our prediction of greater baseline neural 

activity in MDD groups. By comparison, other groups have found either increased 

activity in unmedicated MDD compared to HC (Etkin & Schatzberg, 2011) or no 

between group differences (Fournier et al., 2017) on an Emotional Conflict Task. 

In spite of the observed lower neural activity in MDD-8, there were no differences 

observed in behavioural responding on the Emotional Conflict Task. However, by 

Week 8 post treatment initiation, no differences in neural activity between MDD 

groups and HC were observed, which may be attributed to the treatment with 

escitalopram. Even though the reduction in mood symptoms was variable between 

the MDD-8, MDD-16 and MDD-NR groups, by Week 8, the differences in neural 

activation between the HC group and MDD groups respectively, was no longer 

significant. Within group, there was a reduction observed in neural activation in 

both HC and MDD-NR groups between baseline and Week 8, without a 

corresponding change in RT or accuracy, advancing the idea that this may 

demonstrate habituation on the emotion recognition task (Fischer et al., 2003; 

Spohrs et al., 2018), and that altered activity levels cannot be attributed to a 

significant learning effect. We were unable to differentiate the MDD-16 group 

from HC and MDD-8 at baseline or Week 8, or to characterize adequately why 
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this group of patients with MDD responded to later adjunctive treatment with 

atypical antipsychotic aripiprazole. 

With respect to strengths, this is the first study to investigate the influence 

of escitalopram treatment on behavioural and neural responding in an Emotional 

Conflict Task, and the first study to explore longitudinal within participant 

performance on an Emotional Conflict Task. In addition to this, there were 

sufficient numbers of participant to retrospectively divide the MDD group into 

treatment remitters at Week 8, Week 16 or treatment non-remitters to examine the 

value of performance on the Emotional Conflict Task as a predictive marker of 

treatment response. 

With regard to limitations, it may be that we were unable to demonstrate 

the emotional Stroop effect in accuracy in MDD-16 and MDD-NR at Week 8 due 

to possible ceiling effects or as a consequence of large degree of variability in 

responding within group. A further limitation, previously mentioned, is that we 

did not include a neutral category in the Emotional Conflict Task. Observing how 

changes in emotion context insensitivity or improvement in mood symptoms alter 

processing of neutral stimuli may have provided valuable information in how 

emotion recognition may be altered in response (or non-response) to 

antidepressant treatment. It has been reported that compared to HC, participants 

with MDD find it more challenging to correctly identify neutral or ambiguous 

expressions of emotion (Leppänen et al., 2004) and respond with altered neural 

activity in response to faces with neutral expressions (Oliveira et al., 2013). For 



PhD Thesis.  GL ALDERS.  McMaster University, Graduate Program in Neuroscience 

 

 243 

some patients with MDD, these differences may persist well into remission 

(Leppänen et al., 2004). Future work in MDD and emotion recognition should 

include an Emotional Conflict Task that includes varying degrees of emotional 

valence, including a neutral category, with sufficient power to allow for grouping 

of participants on sub-domains with respect to medication response and 

behavioural and neural responding.  

Notwithstanding the above, this study provided important evidence in 

terms of the dissociation of the effects of escitalopram on processing of 

emotionally valenced stimuli in patients in MDD-8, MDD-16 and MDD-NR 

groups. While mood symptoms did improve in all MDD groups across time after 

receiving treatment with escitalopram, they did so to varying degrees. While the 

MDD-8 group had the fastest response to escitalopram treatment, emotional 

information processing actually became worse across time, providing evidence 

that improvements in mood do not necessarily translate to improvements in 

cognition (Zuckerman et al., 2018). A randomized trial of escitalopram treatment 

on cognitive functioning in stroke patients compared to Problem Solving Therapy 

also found improvements in global cognitive functioning were independent of 

changes in mood symptoms in the group receiving escitalopram treatment (Jorge 

et al., 2010). Finally, in the International Study to Predict Optimized Treatment in 

Depression (iSPOT-D) trial comparison of 1008 patients with MDD receiving 

either escitalopram, sertraline or venlafaxine extended-release acute treatment, did 

not improve verbal memory, information processing, decision speed, response 
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inhibition or attention, regardless of treatment group, even in patients reaching 

remission (Shilyansky et al., 2016). Taken together, this suggests that while 

escitalopram may improve mood symptoms, more research is needed to find 

treatments that specifically target cognitive impairment in MDD to provide a 

pathway to functional remission (Shilyansky et al., 2016; Zuckerman et al., 2018). 

Additionally, findings in the MDD-8 group are contrary to the hypothesis that 

improvements in emotional information processing provide the context/are 

necessary for future improvements in mood symptoms in MDD (Godlewska et al., 

2016; Harmer & Cowen, 2013; Tranter et al., 2009). This study also provided 

evidence that even though there were varying degrees of mood symptom 

amelioration across MDD groups, measures of neural activity were not 

significantly different between MDD groups and HC following 8 weeks of 

escitalopram treatment, suggesting that escitalopram treatment may have helped 

to normalize neural responding on an emotional conflict task. Finally, the baseline 

lower levels of neural activity in response to emotional information processing in 

all three MDD groups provides evidence for the emotion context insensitivity 

theory (Rottenberg, 2005). A calculated decrease in engagement with external 

emotional stimuli may occur as a preventative measure, to decrease the possibility 

of experiencing negative consequences and to diminish the changes of making 

unfortunate choices (Rottenberg, 2005) or simply to reduce energy expenditures 

(Maes et al., 2012). 
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Finally, Chapter 6 presented a case study of a male patient with 

longstanding hydrocephalus, referred for care to a tertiary psychiatric facility due 

to changes in behaviour and low mood symptoms. The study objective was to 

quantify the degree of ventriculomegaly in the participant and describe the 

primarily psychiatric and mood-related challenges the patient was facing, in spite 

of the extreme degree of ventriculomegaly. Investigations indicated a patient with 

some preserved functioning, with overt ventriculomegaly with gross dilation of 

the lateral and third ventricles coupled with an unremarkable neurological exam, 

and a borderline intelligence quotient, whose main complaints were psychiatric in 

nature. The patient presented with a ventricular volume close to 46 times larger 

than the estimated ventricular volume of male healthy control participants.  

One of the strengths of this research is that with the available imaging 

technology we were able to quantify the excessive neurological remodeling in this 

patient, in contrast to previous case reports of long-standing overt 

ventriculomegaly (Canu et al., 2005; Feuillet et al., 2007; Lewin, 1980). 

Importantly, we were also able to highlight that psychiatric and mood symptoms 

may emerge when cognitive resources are challenged, as may be the case in 

patients with extreme neural remodeling.  

A limitation in this case is that we were not able to complete functional 

testing with the participant or additional cognitive testing that may have shed light 

on emotional information processing in this participant, such as with the 

Emotional Conflict Task. Although the findings may have been interesting, given 



PhD Thesis.  GL ALDERS.  McMaster University, Graduate Program in Neuroscience 

 

 246 

the extreme structural remodeling, it would have been difficult to process and 

interpret the functional neuroimaging results.  

Nevertheless, this was a unique contribution in that it appears to be the 

first paper to volumetrically quantify the degree of extreme ventriculomegaly in a 

patient with long-standing overt hydrocephalus presenting primarily with mood 

and psychiatric symptoms. While overtly the patient appeared with a relatively 

normal phenotype, this case demonstrates the brain's potential for adaptability and 

plasticity in the face of extreme structural stress and underlines the importance of 

exploring the possibility of a physiological cause when assessing psychiatric and 

cognitive complaints.  

Taken together, the body of research presented here broadens our current 

understanding of neuroplasticity in MDD (Liu et al., 2017; McEwen et al., 2012), 

and contributes to the body of work supporting the emotion context insensitivity 

hypothesis (Bylsma et al., 2008; Rottenberg, 2005).  

Specifically, this body of work demonstrates that i) changes in functional 

hippocampal activity are present early in the development of MDD in medication 

naïve patients presenting for MDD treatment for the first time, even when 

behavioural changes have not been observed. ii) In a group of midlife women 

receiving ET for perimenopausal symptoms, incongruent adaptation in RT and the 

reversal in the expected response facilitation in ATD, together with reduced 

neural activity in regions important for processing of emotional information, 

suggests that serotonin availability may be important for the processing of 
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conflicting emotional information. iii) Increased neural activity in ATD compared 

to Sham, without attendant differences in behavioural performance suggests 

supplementary neural regions may be enlisted to compensate for changes in neural 

activation attendant to a reduction in available serotonin, to attain levels of 

responding similar to those observed in the Sham condition, iv) Overall lower 

accuracy in an MDD group and an overall reduction in neural activity compared 

to HC (including neural regions associated with emotional conflict resolution, 

emotion recognition and processing of facial information), provides evidence that 

emotional information processing in MDD is different compared to HC. The lack 

of difference in behavioural or neural processing of happy versus fearful faces in 

an unmedicated MDD group provides evidence that emotional information 

processing in MDD is not biased towards either fearful or happy faces, but 

generally insensitive to emotion overall, and provides support for the emotion 

context insensitivity hypothesis (Rottenberg et al., 2005). v) Regardless of 

remission definition, all MDD groups (MDD-8 MDD-16 and MDD-NR) 

demonstrated lower levels of neural activity, compared to HC at baseline. 

Escitalopram ameliorated neural activity differences between HC and MDD 

groups by 8 weeks post treatment begin, even while reductions in mood 

symptoms across the groups remained variable. Specifically, in the MDD-8 group 

that reached the definition of treatment remission by Week 8, emotional 

information processing was worse at Week 8, while no changes in emotional 

cognition were observed in either MDD-16 or MDD-NR groups at the same time 
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point, indicating that changes in mood do not necessarily directly correlate with 

changes in cognition. vi) A patient may present overtly with a normal phenotype, 

even in spite of extreme neural remodeling due to structural stress. This case 

quantitatively described the extremes of the structural remodeling and underlined 

that the advantage of pluripotentiality in cases of extreme structural remodeling, 

may come at the expense of taxing the cerebral reserve, which could result in 

emergence of mood symptoms.  

There are important clinical implications arising from this research. With 

the knowledge that hippocampal functioning is different in medication naïve 

patients with MDD compared to HC, future longitudinal research may seek to 

simultaneously track changes in neural functioning and morphometry within an 

MDE as well as across MDEs in patients that experience recurrent episodes of 

MDD. While some of our findings in MDD complemented previously published 

research, some of our findings were opposite to what may have been predicted 

based on the literature. There are important conclusions that may be drawn from 

this observation. Specifically, it is important to note that in the studies examining 

MDD patients, while all the participants in the MDD-8, MDD-16 and MDD-NR 

groups met criteria for the Diagnostic and Statistical Manual of Mental Disorders 

– Fifth Edition (DSM-V) (American Psychiatric Association, 2014) definition of 

MDD, each group presented a different response phenotype in terms of 

escitalopram response, improvements in mood symptoms, and emotion 

recognition ability. These findings are noteworthy in the context of the National 
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Institute of Mental Health's Research Domain Criteria initiative (RDoC), which 

aims to develop a trans-diagnostic classification system that integrates evidence 

across multiple domains including genetics and neuroscience (Insel et al., 2010). 

Based on the findings of this body of research, development of treatment 

regimens or drug discovery could well include the cross-disorder sub-domain of 

behavioural and neural differences in emotion recognition (McIntyre, 2014). 

Further to this, considering the heterogeneous MDD response phenotypes, future 

research involving an MDD sample large enough to stratify participants on 

specific symptom presentation (e.g. hypersomnia versus insomnia, psychomotor 

slowing versus agitation, significant weight gain versus significant weight loss, 

etc.), rather than grouping together participants that have symptoms on opposite 

ends of a spectrum of specific MDD symptom, or who meet a numerical cut off 

on an MDD rating scale, may improve the stability and generalizability of 

findings. This, in turn, would provide richer details necessary for identifying a 

predictive treatment response biomarker for MDD. A reduction in the immediate 

availability in serotonin in women with perimenopause does not increase negative 

mood or vasomotor symptoms, but can affect neural processing of emotional 

information, and result in the recruitment of additional neural regions to attain 

levels of responding similar to a Sham condition. Future research should compare 

the effects of ATD and a Sham condition on emotional information processing 

and mood and vasomotor symptoms in perimenopausal women prior to receiving 

ET and after receiving ET. It may be interesting to further divide this sample and 
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characterize the women who derive an antidepressant benefit from ET, and the 

women who do not, as little research has been completed in this direction. Finally, 

with respect to the findings of mood symptoms in the patient with long-standing 

overt ventriculomegaly, as has been suggested by other authors (Canu et al., 

2005), it is important to consider that some redundancy or reserve may be 

relegated to the cerebellum, or that the spared cortex may be densely packed and 

stretched rather than destroyed, in the case of an extremely slowly developing 

hydrocephalus. 

To summarize, the current collection of research complements and 

broadens the current collection of knowledge pertaining to neuroplasticity in 

depression in a number of key areas. This research demonstrates that i) changes in 

neural function set patients with MDD apart from HC, even in early stages of 

disease progression, suggesting that functional changes may predate 

morphometric changes, ii) compared to HC, on an emotional conflict task, 

unmedicated patients with MDD exhibit lower levels of functional activity in 

regions important for processing emotional information, iii) that antidepressant 

treatment with escitalopram ameliorates difference in neural function between HC 

and MDD, even in patients that do not experience significant improvements in 

mood symptoms with escitalopram treatment, iv) treatment with a high dose of 

transdermal estradiol may effect longer lasting changes in serotonergic 

functioning, such as by increased serotonin receptor density, which are not as 

likely to be influenced by the acute decrease in serotonin availability as occurs in 
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the ATD paradigm, and v) the brain, with a great capacity for plasticity and 

adaptability, is capable of generating a normal phenotype even when experiencing 

serious structural stress. This work provides a range of unique and important 

findings to the discussion of functional and structural neuroplasticity in 

depression. 
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