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ABSTRACT OF THE DISSERTATION 

Exercise as a neurobehavioral therapy for cognitive control deficits in major 

depressive disorder 

by RYAN L. OLSON 

 

Dissertation Director: 

Brandon L. Alderman, Ph.D. 

 

Major depressive disorder (MDD) is associated with a number of symptoms, 

including cognitive dysfunction and maladaptive ruminative thought patterns. Although 

consistent evidence indicates that aerobic exercise is beneficial for reducing depressive 

symptoms in MDD, little is known about the influence of exercise on neurocognitive 

deficits found in depression. This is important for establishing exercise as a 

neurobehavioral therapy for depression, that is, an intervention that addresses biological 

mechanisms believed to underlie the disorder. Here, we investigated whether the N2 and 

P3 components of the human event-related potential (ERP) could be used to index 

cognitive impairments in MDD, and whether these neurophysiological measures were 

correlated with ruminative thought patterns. Although there were no differences in P3 

amplitude by depression status, N2 amplitudes were significantly reduced in individuals 

with MDD relative to healthy controls, indicating that reductions were associated with 

higher rumination levels. These findings demonstrate that individuals with MDD may 

experience impaired cognitive control while attending to varying environmental stimuli. 

Because of our findings related to impaired cognitive control processes, we examined the 
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neurophysiological and behavioral correlates of cognitive control during single bouts of 

low- and moderate-intensity exercise in healthy young adults to determine if 

neurocognitive function is modifiable by aerobic exercise. Importantly, acute exercise 

was shown to modify these ERP components, such that increased N2 and P3 amplitudes 

were found during exercise at low and moderate intensities relative to rest. Although this 

study was performed in nondepressed participants, it suggests an upregulation of 

cognitive control during aerobic exercise that may be maintained through a program of 

chronic exercise. Finally, we examined the effects of a moderate-intensity aerobic 

exercise intervention performed three days/week for 8 weeks. The aerobic exercise 

condition exhibited enhanced cognitive control (i.e., N2 amplitude) and reduced 

depressive symptoms among individuals with MDD; however, these exercise-induced 

changes in cognitive control were not found to significantly mediate pre-to-post changes 

in symptom outcomes. These findings support the use of exercise as a neurobehavioral 

therapy for MDD and suggest the possibility of incorporating exercise as a stand alone or 

augmentation strategy for conventional treatments. 
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GENERAL INTRODUCTION 

 

Major depressive disorder and rumination  

Major depressive disorder (MDD) is one of the most common mental health disorders in 

the U.S. with a lifetime prevalence of approximately 20%. Each year, nearly 7% of U.S. 

adults experience a major depressive episode, with younger adults (18-25 years old) 

displaying higher prevalence rates. MDD is characterized by a number of behavioral, 

emotional, and cognitive symptoms, including psychomotor agitation or retardation, 

insomnia or hypersomnia, altered appetite, fatigue, feelings of guilt and worthlessness, 

and suicidal ideation. Other hallmark symptoms include cognitive deficits, which are 

associated with an inability to focus, concentrate, or sustain attention, and rumination, 

wherein individuals retrieve and repetitively rehearse autobiographical and negatively-

valenced content about past and current problems. Ruminative thought patterns may 

contribute to cognitive control deficits that affect an individual’s ability to disengage 

attention from irrelevant information, thus leading to a persistent predisposition to 

negative thoughts. As a result, rumination may serve as a vulnerability factor for 

depression and may play a causal role in the development of multiple cognitive 

detriments associated with depression. As motivated by Aaron Beck’s (1) cognitive 

model of depression and the National Institute of Mental Health (NIMH) Research 

Domain Criteria (RDoC) initiative for developing new ways of classifying mental health 

disorders based on behavioral dimensions and neurobiological measures, there has been a 

recent increase in identifying treatments that target neurocognitive impairments in MDD.  
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Exercise as treatment for MDD  

Until recently, the first and most accepted line of treatment for depression has been 

psychotropic medications, most notably selective serotonin reuptake inhibitors (SSRIs) 

and mood stabilizers. However, recent studies indicate that these drugs may not be as 

effective as once thought and even when they are, relapse often occurs. Additionally, the 

chronic effects of drug therapy on brain structure and function are relatively unknown. 

Alternative forms of treatment, such as cognitive behavioral therapy (CBT), 

electroconvulsive treatment, and other forms of brain stimulation (e.g., transcranial direct 

current stimulation), can be efficacious but require considerable time and commitment on 

the part of the patient, in addition to trained professionals to administer care. Thus, there 

is a need to establish evidence-based alternative or adjunctive treatments for depression.   

 One potential candidate for the treatment of depression is aerobic exercise (AE). 

Evidence from randomized controlled trials (RCTs) on the effects of exercise on mental 

health have consistently reported that AE is at least as effective as common 

antidepressants in reducing depression and may even be superior in preventing relapse (2, 

3). Many mechanisms for these benefits have been proposed, including adaptive 

regulation of the autonomic nervous system, increased hippocampal neurogenesis, and 

more efficient stress responses. More recently, functional deficits in the hippocampus, 

amygdala, and frontocingulate brain regions have been proposed as potential treatment 

targets (4), especially considering their link to impaired cognitive control processes.   

Among patients with MDD, impaired cognitive function is a common complaint 

(5-9) and is associated with considerable disability and limited functional recovery (10-

12). Further, these cognitive complaints are common residual symptoms that remain even 
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after antidepressant treatment in MDD. Thus, increased focus on cognitive symptoms 

associated with MDD is warranted in order to better understand its relationship to 

emotion regulation.    

Specifically, prefrontal-dependent cognitive control has recently been proposed as 

a neurobiological mechanism of symptomatology in MDD, with cognitive control being 

the target of novel, neurobehavioral therapies that aim to reduce depressive symptoms by 

ameliorating underlying neurocognitive deficits (13). Cognitive control refers to the 

ability to adjust and orient cognitive resources to optimize performance, make decisions, 

and complete goal-directed behaviors (14). With recent research assessing cognitive 

control deficits in MDD, it has been suggested that improvements in cognitive control 

processes may help remediate emotional dysregulation and information processing 

biases, and consequently aid in the treatment of depression. Although exercise is widely 

recognized as an effective behavioral intervention for reducing symptoms of depression, 

few studies have evaluated the efficacy of exercise to alleviate cognitive impairments in 

this population. Although exercise was not specifically designed as a neurobehavioral 

intervention, given its widespread neurobiological benefits, it is important to determine if 

exercise can be used to target distinct neurocognitive deficits in MDD and whether these 

changes mediate reductions in primary symptom outcomes.  

  

Exercise and neurocognitive function  

It is well established that exercise and fitness are related to enhanced cognitive 

performance. As early as 1997, meta-analyses suggested that exercise results in small, but 

significant effects on cognition (15). More recent meta-analytic findings by Colcombe 
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and Kramer (16) suggested that exercise has general and selective effects on cognitive 

function, with disproportionately larger effects for tasks or task components that recruit 

executive functions. Executive function, or cognitive control, has also been defined as a 

series of top-down cognitive processes needed when you have to concentrate and pay 

attention, when automatic instincts or intuitions are insufficient or inappropriate (17). 

There is general agreement that cognitive control is composed of at least three domains: 

inhibition, working memory, and cognitive flexibility.   

Studies investigating cognitive deficits in MDD and those examining the putative 

cognitive benefits from exercise have traditionally relied on overt behavioral performance 

measures (e.g., response accuracy and reaction time) to assess cognitive performance 

outcomes; however, these measures often lack the requisite sensitivity for detecting 

subtle changes in cognitive processes. To address this limitation, techniques from 

neuroscience can be used to measure this relationship. In particular, the high temporal 

sensitivity of event-related brain potentials (ERPs) allows for precise measurements of 

processes that occur between stimulus presentation and response production, including 

early sensory and later psychological processing. Because electrical potentials travel 

close to the speed of light, the transmission through the brain, meninges, skull, and scalp 

are essentially instantaneous. Thus, ERPs reflect patterns of voltage fluctuations in the 

continuous electroencephalogram (EEG) that are time-locked to a specific event, such as 

the onset of a stimulus or the execution of a manual response and provide a direct, 

instantaneous measure of brain activity related to neurotransmission (18). Two ERP 

components that have received increased attention in assessing cognitive control 

processes, are the N2 and P3 components. The N2 component is a negative deflection in 
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the stimulus-locked ERP with a frontocentral scalp distribution peaking approximately 

200-350 ms post-stimulus (19-22), and has been implicated in the detection of conflict, 

mismatch of stimuli from a mental template, and cognitive control during response 

inhibition (23-25). On the other hand, the P3 component is a positive deflection in the 

stimulus-locked ERP with a maximal centroparietal scalp distribution that peaks 

approximately 250-500 ms following stimulus onset (26, 27) and is generally believed to 

reflect attentional resource allocation during task performance that varies depending on 

task difficulties (27). Accordingly, the N2 and P3 components may serve as potential 

targets in the development of neurobehavioral interventions aimed at enhancing cognitive 

control deficits in MDD.  

The purpose of these experiments were threefold: First, to determine the extent of 

cognitive control deficits in MDD as reflected by N2 and P3 ERP components and the 

relationship between these neurocognitive indicators and symptoms of depression and 

rumination. Second, to determine whether these neurophysiological measures are 

modifiable by exercise. Since chronic exercise is the accumulation of individual bouts of 

exercise, demonstrating that these ERP components are sensitive to acute bouts of 

exercise is an important criterion for conducting a chronic exercise intervention in 

individuals with MDD. Critically, the final aim was to assess the influence of a chronic 8-

week AE intervention on improving cognitive control and symptom outcomes in a 

sample of university students with a current diagnosis of MDD.  
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Specific Aims  

Aim 1: To determine relationships between ruminative thoughts and cognitive 

control processes in individuals diagnosed with MDD compared to healthy controls. 

We hypothesized that individuals with a current diagnosis of depression would display 

deficits in cognitive control, manifested as reductions in N2 and P3 amplitudes, as well as 

impaired behavioral task performance outcomes. It was also predicted that individual 

differences in rumination would covary with both ERP and behavioral performance 

measures elicited by a cognitive control task. This aim will establish whether ruminative 

thought patterns in MDD are related to impaired cognitive control, and if these clinical 

and neurocognitive outcomes are effective targets for neurobehavioral interventions.   

  

Aim 2: To assess whether N2 and P3 components are state-dependent and altered 

during an acute bout of aerobic exercise performed at 40% and 60% of peak 

aerobic fitness (VO2 peak). A secondary goal was to examine cognitive control 

processes at 5, 15, and 25 min time points during steady-state exercise. It was 

hypothesized that N2 and P3 ERP components would be sensitive to acute exercise such 

that they would be enhanced during exercise compared to the no exercise control 

condition. We also expected greater cognitive control when assessed at 25-min following 

exercise onset relative to earlier assessment times. This aim will provide a more stringent 

test of the hypothesis and demonstrate that acute exercise can modulate cognitive control 

processes in an otherwise healthy population. This will also allow for the determination 

of an appropriate exercise dose (intensity and duration) to augment cognitive control in 

future exercise interventions.   
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Aim 3: To determine the effects of an 8-week moderate-intensity aerobic exercise 

intervention on cognitive control, depressive symptoms, and rumination in 

individuals with MDD. We hypothesized that an 8-week moderate-intensity exercise 

intervention would result in improved cognitive control and concomitant reductions in 

depressive symptoms and ruminative thought patterns in depression. Regarding cognitive 

control, we expected cognitive control processes (i.e., N2 and P3 amplitudes) to be 

restored following the AE intervention, resulting in normalization relative to non-

depressed individuals and individual baseline values. Lastly, we expected improvements 

in cognitive control to mediate reductions in rumination from pre-to-post intervention. 

This aim will identify mechanisms of action for the antidepressant effects of exercise that 

should be targeted in future randomized controlled trials to reduce rumination and 

depression.  
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CHAPTER 1: Rumination in major depressive disorder is associated with impaired 

neural activation during conflict monitoring 

Brandon L. Alderman, Ryan L. Olson, Marsha E. Bates, Eddie E. Selby, Jennifer F. 

Buckman, Christopher J. Brush, Emily A. Panza, Amy Kranzler, David Eddie, & Tracey 

J. Shors 

Published in 

Frontiers in Human Neuroscience, 9, 269; May 2015 

 

INTRODUCTION 

Major depressive disorder (MDD) is one of the most common mental health disorders in 

the United States with a lifetime prevalence of approximately 16.6% (28). Globally, more 

than 350 million people suffer from depression, and by 2020 it is predicted to be the 

second largest cause of disability, for all ages and both sexes (29). MDD is characterized 

by a number of behavioral, emotional, and cognitive symptoms, including psychomotor 

agitation or retardation, insomnia or hypersomnia, decreased or increased appetite, 

fatigue, feelings of guilt and worthlessness, and suicidal ideation (30). Other hallmark 

symptoms include rumination, wherein individuals retrieve and repetitively rehearse 

autobiographical and negatively valenced content about past and current problems, and 

attentional problems associated with an inability to focus, concentrate, or sustain 

attention (4, 30). These latter symptoms are indicative of deficits in cognitive 

functioning, which may further contribute to disability and poor quality of life (31-33).  

Rumination is one of the most problematic cognitive symptoms associated with 

depression. These negative thought processes heighten negative affect and interfere with 
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an individual’s ability to engage in effective problem-solving and adaptive behaviors (34-

36). A number of studies suggest that MDD is associated with impairments in cognitive 

control processes, specifically those involved in regulating conflict (4, 20, 37, 38). In 

general, cognitive control reflects a person’s ability to flexibly and voluntarily regulate 

behavior or thoughts in the service of goal-directed and purposive behaviors while 

resisting the retrieval and distraction of competing undesirable information (39-41). 

Although less well studied, recent studies also suggest that excessive rumination, as is 

often found in individuals with MDD, is associated with less cognitive control (42, 43). 

These control processes are involved in many aspects of healthy cognition and may be 

involved in delay of gratification and impulse control, as well as self-reflection and the 

intrusion of negative thought patterns. Structural and functional neuroimaging studies 

implicate prefrontal and anterior cingulate brain regions in cognitive control (4, 33, 44, 

45). However, the temporal dynamics of conflict monitoring and cognitive control are not 

well described, especially as they relate to rumination.  

According to the conflict monitoring hypothesis (19, 46, 47), an essential aspect 

of cognitive control involves conflict monitoring and conflict detection, both of which are 

believed to involve important connections between the anterior cingulate cortex (ACC) 

and lateral prefrontal regions. Several laboratory-based assessments including the go/no-

go, stop signal, antisaccade, Stroop, and flanker interference tasks have been used to 

manipulate and assess conflict monitoring and cognitive control. The flanker interference 

task represents a canonical example of this response conflict, such that the presence of 

competing responses associated with the incongruent condition results in impaired 

performance relative to the congruent task conditions. Successful performance on this 
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task, particularly on the more challenging trials where the flanking arrows are 

incongruent with the target arrow, requires greater top-down cognitive control. That is, 

the incongruent task condition requires competition at the level of response activation and 

a person’s ability to suppress inappropriate or prepotent responses. Task performance 

deficits have been reported in a number of clinical populations in which disturbances in 

conflict and response monitoring are present, such as schizophrenia, depression, and 

substance use disorders (45, 48). Functional magnetic resonance imaging (fMRI) and 

event-related brain potential (ERP) studies suggest a critical role of the ACC in detecting 

and evaluating conflicts as they emerge during the action selection process, and using this 

information to signal for increased recruitment of cognitive control from lateral PFC 

regions (45-47, 49). The N2 ERP component has been instrumental in studying ACC-

mediated conflict monitoring in cognitive control and has also been used to study 

frontocingulate dysfunction in depression. The conflict N2 (sometimes referred to as 

flanker N2) is a negative deflection in the stimulus-locked ERP with a frontocentral scalp 

distribution that peaks approximately 200-350 ms after stimulus presentation (19, 20, 23). 

As an index of conflict processing, this ERP component has been shown to be more 

negative (i.e., larger) for incongruent flanker trials as a result of conflict that arises during 

response selection between the responses queued by the target stimulus and those queued 

by the incompatible flanking stimuli (20, 47). This response conflict can also be 

measured behaviorally, and it has consistently been shown that incongruent or conflicting 

task conditions result in impaired accuracy and increased reaction time relative to 

congruent task conditions (24, 47, 50). 
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Previous research examining conflict monitoring processes and the N2 in MDD 

has been mixed (51, 52). For instance, Ruchsow et al. (53) examined N2 and P3 ERP 

components elicited by a hybrid flanker go/no-go task where participants responded to 

the appearance of letters B or U as centrally located flanker stimuli (“go” condition) and 

withheld a response to the appearance of letters D or V. Although individuals with MDD 

evidenced reduced (“less positive”) no-go P3 amplitudes compared to matched healthy 

controls, no between group differences were noted for the N2 component. Similarly, no 

between-group differences in response time, error rate, or N2 indices of conflict 

adaptation were found between 55 individuals diagnosed with MDD and 

demographically similar control participants using a modified flanker task (20). Although 

no between group differences were found in conflict adaptation, a cognitive control 

process involving the influence of previous trial congruency on current-trial performance, 

higher depressive symptom scores based on the BDI-II were associated with smaller 

mean N2 conflict adaptation scores for individuals with MDD, suggesting that N2 

conflict adaptation may be associated with depressive symptoms rather than a clinical 

diagnosis per se. Alternatively, using an auditory go/no-go task, Kaiser et al. (52) 

reported a reduction of inferior frontotemporal positivity in the N2 latency range (i.e., 

polarity-inverted N2) among patients with unipolar depression. This was interpreted to 

reflect a specific deficit in the response inhibition component of executive control, and 

was accompanied by impaired behavioral task performance during the no-go task 

condition. Differences in the specific tasks used, clinical characteristics of MDD 

participants, or medication status may have contributed to the mixed findings in the 
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literature. However, the relation between N2 amplitude indices of conflict monitoring and 

cognitive control and maladaptive rumination remains to be studied.  

In addition to deficits in conflict monitoring, individuals with MDD often 

experience a selective loss of attention and/or attentional inflexibility (32, 54), which may 

impair their ability to multitask, maintain conversations, and ignore distractions. These 

problems, in turn, often lead to impaired focus and forgetfulness (55). Several studies 

have demonstrated attentional deficits in individuals with MDD using a variety of 

attention-related neuropsychological measures (54, 56, 57). However, there is some 

inconsistency across studies. Ottowitz, Dougherty, and Savage (58) published a review 

suggesting that the evidence for selective deficits in attention in MDD was equivocal. 

Indeed, less than half of the studies (44%) included in the review demonstrated 

attentional impairments in MDD. The lack of consistent findings may have been due to 

variability in study designs, subtyping of depression (e.g., melancholic versus atypical 

depression), or may simply reflect the multifaceted nature of attention. That is, MDD 

may impair only select aspects of attention, and these impairments may be best 

characterized by tests specifically designed to evaluate a particular component of 

attention (58). Further, rumination may contribute to many of the cognitive biases and 

impairments found in MDD, including deficits found in attentional processes (59), but 

this suggestion has received only limited research attention.  

Attentional processes in the brain depend on finely-timed sequences that result in 

the allocation of attentional resources for perception and processing of sensory stimuli 

across time. One approach that has been used to probe the temporal dynamics of attention 

is the rapid serial visual presentation (RSVP) paradigm and the attentional blink 
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phenomenon (AB; 60). First described in 1992, the AB is typically observed during 

RSVP tasks whereby individuals exhibit a reduced ability to report the second (T2) of 

two different target stimuli presented among a very rapid stream of visual distractors 

when T2 appears within approximately 100–500 ms of the first target (T1; 60, 61). 

Although no current theoretical explanations fully account for this phenomenon (62), 

most point to a limited capacity attentional resource system, indicating that sensory 

information is not transferred efficiently from early sensory processing stages (and brain 

regions) to those involved in working memory (63, 64). The magnitude of the AB (i.e., 

the time it takes to recognize T2 following presentation of T1) has been shown to be 

larger in clinical populations (65, 66), the elderly (67, 68), and children with attention-

deficit/hyperactivity disorder (69, 70). Neuroimaging evidence suggests an interactive 

neural network consisting predominantly of overlapping lateral-frontal, inferotemporal, 

posterior-parietal, and occipital brain regions underlying the AB response (71, 72). 

For the AB paradigm, we assessed the classic cognitive P3 ERP component, 

which is thought to reflect the allocation of attentional resources during the updating of 

working memory (73, 74). Previous studies have demonstrated a completely suppressed 

P3 but no change in amplitude or latency for earlier ERP components (e.g., P1, N1, 

N400), when the AB phenomenon occurs. These findings suggest that the AB occurs 

after early perceptual processing is complete. It also has been speculated that the blink 

response may reflect a failure to input or consolidate the second stimulus (T2) into 

working memory while T1 is being processed (75), thus supporting the utility of the P3 in 

documenting this effect. Consequently, the AB paradigm may help to elucidate the 

temporal nature of attention deficits in MDD and explain how select attentional processes 
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are influenced by rumination levels. Although the P3 component in MDD has received 

scant attention using the RSVP paradigm, in general depressed patients show some 

reduction of the parietally-maximal P3 component using a variety of oddball and go/no-

go tasks (51). 

The present study used the flanker task and the RSVP paradigm to examine the 

relationship of rumination to response conflict and the temporal dynamics of attention in 

individuals diagnosed with MDD compared to healthy controls. Although recognizing the 

lack of agreement in the literature concerning the N2 potential in MDD, we hypothesized 

that individuals with a current diagnosis of depression would display relative deficits in 

conflict monitoring using a modified flanker task. We expected these deficits to manifest 

as reductions in N2 amplitude as well as impaired behavioral task performance outcomes. 

It was also hypothesized that individuals with MDD would exhibit selective deficits in 

attention (i.e., evidence a larger blink) during the rapid presentation of visual stimuli and 

larger T1- and T2-elicited P3 amplitudes. These findings would indicate that individuals 

with MDD have less efficient neural resource allocation, resulting in impaired ability to 

consolidate two temporally close items into working memory. It was predicted that 

individual differences in rumination would covary with both ERP and behavioral deficits 

in the performance of both tasks.  

 

METHODS 

Participants 
 
Individuals with MDD were solicited from a university counseling and psychiatric 

services clinic, where they were diagnosed prior to participation by a psychologist, 
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psychiatrist, or primary care provider. Control participants were recruited through 

advertisements posted in numerous locations around the university campus and local 

community. Recruitment was for a mental and physical skill training program aimed at 

improving physical and psychological health; the data presented herein represent findings 

from the initial baseline assessment. Participants of all ethnic origins between 18 and 35 

years of age were included in the study. Only right-handed participants with normal or 

corrected-to-normal vision were included in the current analyses. Participants in the 

MDD group were included if they met diagnostic (DSM-IV-TR) criteria for current MDD 

(76) and confirmed by the Mini-International Neuropsychiatric Interview (MINI; 77). 

Exclusion criteria included a diagnosis of a bipolar spectrum disorder, schizophrenia 

spectrum disorder, self-injurious or suicidal behavior, or a history of neurological 

disorders or head injuries resulting in a loss of consciousness. All clinical interviews and 

suicide risk assessments were completed by trained graduate students working with the 

study PIs, and all were trained to competence by a licensed clinical psychologist (EAS), 

who supervised all study clinical assessments and is a member of the clinical psychology 

PhD training program at Rutgers University. Prior to participating in clinical interviews, 

all clinical interviewers completed extensive clinical training regarding the clinical 

symptoms assessed with the MINI, including depression. This training included formal 

team meetings outlining the structure and content of the diagnostic interview, discussions 

on troubleshooting and differential diagnoses with the interview, extensive shadowing of 

Dr. Selby who completed all assessments during the first semester of data collection, and 

an examination interview that required rating the correct diagnoses for a case presenting 

pre-specified symptoms that all interviewers were required to pass. During the course of 
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the study any concerns regarding diagnostic symptom endorsement or suicide risk 

concerns were discussed with the supervisor to ensure patient risk protection. The MINI 

is an appropriate tool for assigning threshold level psychiatric diagnoses in research 

settings and has been found to have strong diagnostic agreement with other clinical 

interviews such as the Structured Clinical Interview for DSM-IV Axis I Disorders (SCID; 

78), which are frequently used in clinical settings because they explore symptoms in 

more depth than is needed for a research study (79). Healthy comparison participants who 

did not meet criteria for MDD via the MINI were also recruited and included if they 

reported no previous or current history of neuropsychiatric disorders, neurological 

disorders, or head injuries. All eligible individuals were invited to visit the laboratory for 

a more extensive clinical interview and neurophysiological testing. The final sample 

consisted of 33 MDD participants and 36 healthy controls. MDD and control participants 

did not differ with respect to age, sex, ethnicity, or educational level, ps>.05. Six of the 

33 MDD (18%) participants had a confirmed comorbid diagnosis at the time of 

participation (1 with post-traumatic stress disorder, 5 with generalized anxiety disorder 

[GAD]) and three of these participants reported current antidepressant drug use. 

Additionally, two other participants were currently taking either antidepressant (n=1) or 

ADHD (n=1) medication. No medication use was reported among the control 

participants. As expected, MDD participants reported significantly increased levels of 

depressive symptoms assessed by the Beck Depression Inventory-II (BDI-II; 80, 81) and 

rumination as assessed by the Ruminative Responses Scale (RRS; 35). Table 1 shows 

participants’ demographic and behavioral data according to group status. The research 
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protocol was approved by the university’s Institutional Review Board and written 

informed consent was obtained from all participants prior to participation. 

 

Table 1. Demographic and clinical characteristics of participants by group status. Values 

equal means ± SD. 

Note. MDD = Major Depressive Disorder; BMI = Body Mass Index; BDI = Beck 

Depression Inventory; RRS = Ruminative Responses Scale. Asterisks indicate 

statistically significant unpaired student’s t test between control and MDD participants,  

p < .05. 

 

Procedures 

Individuals meeting the initial study inclusion criteria were invited for a baseline testing 

session to complete a clinical interview and provide behavioral and neurophysiological 

data. After receiving a general description of the study and providing written informed 

consent, participants completed a set of questionnaires pertaining to their demographics, 

attitudes, mood, and health, including the BDI-II and RRS. Next, participants were fitted 

Characteristic Control MDD Total 

n 36 33 69 
Age (years) 21.0 ± 3.1 20.7 ± 2.9 20.9 ± 2.9 
Gender (male/female) 12/24 9/24 21/48 
Height (cm) 166.6 ± 8.5 164.9 ± 7.9 165.8 ± 8.2 
Weight (kg) 67.4 ± 15.0 66.3 ± 15.6 66.9 ± 15.2 
BMI (kg/m2) 24.3 ± 5.1 24.3 ± 4.9 24.3 ± 5.0 
BDI-II score 7.4 ± 4.8 23.9 ± 8.3* 15.4 ± 10.7 
RRS Total 41.9 ± 10.6 59.1 ± 10.2*  50.2 ± 13.5 
     Depression 21.8 ± 5.9 33.2 ± 6.6*  27.3 ± 8.4 
     Brooding 9.7 ± 2.5 13.5 ± 3.6*  11.5 ± 3.6 
     Reflection 10.4 ± 3.9 12.4 ± 3.2*  11.4 ± 3.7 
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with a 64-channel Geodesic Sensor Net (Electrical Geodesics, Inc, OR) and seated 

approximately 0.5 m directly in front of a 17” Dell computer monitor. After completing a 

5-min rest period, participants completed the flanker and AB tasks in counterbalanced 

order. Following the neurocognitive assessments, participants completed a cardiovascular 

and physical fitness test battery that was part of the larger intervention study. 

 

MDD diagnosis, depression symptoms, and rumination assessment 

Mini neuropsychiatric diagnostic interview (MINI). The MINI (manic/hypomanic 

episodes, obsessive-compulsive disorder, substance and alcohol use disorders) was used 

to confirm clinical diagnosis of MDD. The MINI is a brief structured interview that has 

been used extensively to aid in making diagnoses of Diagnostic and Statistical Manual of 

Mental Disorders, Fourth Edition (DSM-IV) and International Classification of Diseases-

10 (ICD-10) psychiatric disorders. The reliability and validity of this instrument have 

been previously established (82, 83). The point biserial correlation coefficient of MDD 

diagnosis with BDI-II scores was 0.80, p < .001.  

 

Depressive symptoms. Participants completed the BDI-II (81), a 21-item, self-report 

inventory of the severity of current depressive symptoms. Higher total scores reflect 

greater subjectively perceived depressive symptomatology. The BDI-II in this sample 

demonstrated good internal consistency (α=.92). 

 

Rumination. Participants completed the RRS (35), which includes 22 items describing 

thoughts and responses to depressed mood that are focused on the individual themselves, 
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possible symptoms, and potential consequences/causes of the mood. They were asked to 

rate each item on a scale from 1 (almost never) to 4 (almost always). An example of one 

of the items is: “Analyze recent events to try to understand why you are depressed.” The 

RRS scale demonstrated appropriate internal consistency (α= .93). 

 

Cognitive tasks  

Eriksen flanker. A modified arrow version of the Eriksen flanker task (84) was presented 

with E-prime version 2.0 software (Psychology Software Tools, Inc., Pittsburgh, PA). 

The flanker task is composed of two conditions, congruent and incongruent, during which 

participants are asked to press a button corresponding to the direction of a centrally 

positioned target arrow (see Figure 1). The congruent trials consisted of the target arrow 

being flanked by arrows facing the same direction (i.e., <<<<< or >>>>>), while 

incongruent trials involved the target arrow being flanked by arrows facing the opposing 

direction (i.e., <<><< or >><>>). A set of instructions preceded the first trial that 

explained which button press would be used to indicate the direction of the central or 

target arrow. Participants performed a button press with their left thumb when the target 

arrow, or 3rd arrow from the left, pointed to the left (<) and a button press with their right 

thumb when the target arrow pointed to the right (>). Following task instructions, 

participants completed 20 practice trials. Performance feedback was provided on the 

computer screen and any remaining questions were answered during the practice trials to 

ensure participants sufficiently understood the task. Each trial began with a black screen 

containing a white fixation cross (+) in the middle of the screen for 500 ms, following 

which 7.6 cm tall stimuli were presented focally on a computer screen in white letters on 
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a black background for 100 ms with a response window of 1500 ms and a variable inter-

stimulus interval (ISI) of 1100, 1300, or 1500 ms. Participants were instructed to respond 

as quickly and accurately as possible for each trial. Two blocks of 110 trials were 

administered with equiprobable congruency and directionality of stimuli. 

 

Attentional blink. A modified version of the AB task was adapted from Slagter et al. (85) 

and used to assess competition between targets for limited attentional resources (66, 86). 

Stimuli were presented focally on a computer screen in white letters on a black 

background. Following the presentation of a 1780 ms fixation cross (+), a rapid serial 

visual presentation (RSVP) of 15 or 19 capital letters was presented. Participants were 

Figure 1. Eriksen flanker task. Following a 500 ms fixation cross (+), either congruent (< < < < <) or 

incongruent (< < > < <) stimuli were displayed focally for 100 ms on a computer screen. Participants 

were instructed to respond to the direction of a centrally positioned target arrow as quickly and 

accurately as possible. A button press corresponding to the direction of the centrally positioned arrow 

was recorded during a 1500 ms response window. A random inter-stimulus interval (ISI) of 1100, 1300, 

or 1500 ms occurred following the participant’s response to reduce expectancy effects. 
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instructed to identify two target numbers (T1 and T2) embedded within the rapid visual 

stream of letters (distractors). Each stimulus was presented for 50 ms, followed by a 34-

ms blank slide (Figure 2). For each trial, the letter (distractor) was randomly selected 

(without replacement) from the alphabet. Within each trial, one (single-target) or two 

(dual-target) letters were replaced with a randomly drawn (without replacement) number 

ranging from 2-9. In the case of single-target trials, the second target was replaced with a 

blank screen (T2-absent trial). The time between T1 and T2 (or the blank) was either 336 

ms (short) or 672 ms (long). The shorter timeframe between targets (T2-present/short 

trials) has been shown to reliably produce a blink (misidentified T2) compared to the 

longer timeframe (T2-present, long trials). This occurs during peak competition for 

limited attentional resources (85). T2 and the blank screen were presented in positions 3-

5 from the end of the stream. Due to similarities, letters B, I, O, Q, and S and numbers 1 

and 0 were omitted from the visual stream.  

Prior to the task, participants were instructed that there could be one or two 

numbers (targets) in the letter stream. At 1000 ms after the stream was completed, 

participants were instructed to enter the numbers on a keyboard in the order they were 

presented. If participants were unable to identify T2, they were instructed to guess its 

identity. Participants entered zero if they were absolutely certain there was no second 

target presented. A new trial began 200 ms after the second number (or blank) was 

identified. In addition to verbal instructions, on-screen instructions and a 1-minute 

practice block, with feedback, were provided prior to actual testing. Participants then 

performed two blocks of 112 trials each. There were a total of 116 T2-present/short trials, 
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36 T2-present/long trials, 36 T2-absent/short trials, and 36 T2-absent/long trials, which 

were randomly selected during each block. 

 

 

 

 

ERP data 

Electroencephalographic (EEG) activity was recorded using a 64-channel Geodesic 

Sensor Net system (Electrical Geodesic, Inc, OR) arranged according to the International 

Figure 2. Attentional blink paradigm. Following a 1780 ms fixation cross (+), a RSVP of 15 or 19 

capital letters (distractors) were displayed focally on a computer screen. Embedded within the RSVP 

were 1 (T1 present-T2 absent) or 2 (T1 present-T2 present) target numbers. Each slide was presented 

for 50 ms followed by a 34 ms blank slide. Participants had to detect T1 and T2 (if present) and report 

their response at the end of each trial. In T2 absent trials, T2 was replaced with a blank screen. The 

temporal lag between T1 and T2 could vary between 336 ms (short trials) and 672 ms (long trials). 
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10–10 system (87). The electrooculogram (EOG) was recorded from electrodes located 

above and below each eye. Individual electrode impedances were kept below 50 kΩ in 

accordance with standard data collection procedures (88). Although lower impedances 

are typically recommended (18), previous research has shown excellent EEG signals 

when data were collected with higher scalp impedance (88, 89), and similar values have 

been used in the study of ERP components in MDD (20). Data were sampled at 250 Hz 

and collected with a .1-100 Hz bandpass hardware filter. Continuous data were recorded 

during each task condition referenced to the vertex electrode (Cz). Following collection, 

data were re-referenced (90, 91) to the mastoids and filtered with a 35 Hz low-pass filter. 

Data were visually inspected for eye-blinks, eye-movements, and bad channels before 

and after artifact rejection tools were applied to correct and remove ocular artifact using 

NetStation 4.0 (Electrical Geodesic Inc., EGI). Briefly, segments were marked “bad” if 

they contained 1) eye movements exceeding 55 µV, 2) eye blinks exceeding 140 µV, or 

3) greater than or equal to 10 bad channels exceeding 200 µV. In each case, a moving 

average of 20 samples combined with threshold values were used. Using spherical spline 

interpolation, bad channels were then replaced from the remaining channels in “good” 

segments. 

For the flanker task, epochs of individual trials were created from 100 ms pre- to 

1000 ms post-stimulus presentation and baseline adjusted using the 100 ms pre-stimulus 

period. ERPs were constructed by averaging across congruent and incongruent trials 

separately for each participant. N2 amplitude was captured using a mean-amplitude 

approach. Consistent with previous research and based on visual inspection of waveforms 

(18, 89, 92), we used a window spanning 200-350 ms post-stimulus to evaluate the N2 
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(23, 93). For the AB task, epochs of individual trials were created from 200 ms pre- to 

2000 ms post-stimulus (relative to T1). All epochs were baseline corrected using the 200 

ms pre-stimulus period. For short trials, the T1-elicited P3 components were defined 

within a 295-365 ms window post-stimulus, while the T2-elicited P3 components were 

defined within a 847-1151 ms window (85). Additionally, on long trials, T1-elicited P3 

components were averaged across a 295-651 ms window while the T2-elicited P3 

components were defined within a 1147-1451 ms window (85). We used a mean 

amplitude approach to isolate ERP components since this is viewed as a more unbiased 

estimation of ERP amplitude (18, 94). Artifact-free waveforms where the arrow 

directions were correctly identified (flanker) or both T1 and T2 targets were identified 

(attentional blink) were subsequently grand averaged. 

 

Data analysis  

Behavioral data. Only trials in which a response was attempted were considered. To 

reduce the potential effect of outliers, trials with RTs beyond the individual mean ± 3 SD 

for each trial type were excluded. Exploratory analyses using one-way ANOVAs 

revealed no significant effects of sex or ethnicity on any of the cognitive performance 

measures; therefore, these variables were not further considered. Behavioral performance 

data (i.e., response time and accuracy) from the flanker task were submitted to a 2 

(Group: MDD patients, controls) x 2 (Task Congruency: Congruent, Incongruent) 

ANOVA with repeated measures. To assess performance on the AB task, average T1 and 

T2 accuracy data were submitted to a 2 (Group: MDD patients, controls) x 2 (Lag: Short, 

Long) ANOVA. Only trials in which T1 was identified correctly were examined. In order 
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to determine the relationship between self-reported rumination and behavioral task 

performance, a bivariate Pearson correlation between rumination scores and accuracy and 

RT data for both cognitive tasks was performed.  

 

ERP data. In light of the frontocentral nature of the N2 component elicited by the flanker 

task, a mixed 2 (Group: MDD patients, controls) x 2 (Task Congruency: Congruent, 

Incongruent) x 3 (Site: Fz, FCz, Cz) ANOVA with repeated measures was conducted on 

mean N2 amplitudes. Less negative values were interpreted as reflecting less cognitive 

control in response to the stimulus. To investigate the relationship between rumination 

and N2, we performed bivariate Pearson correlations between self-reported rumination 

scores and N2 amplitudes for congruent and incongruent flanker trials. For the AB task, 

mixed 2 (Group: MDD patients, controls) x 2 (Lag: Short, Long) x 4 (Site: Fz, FCz, Cz, 

Pz) with repeated measures were conducted for P3 amplitudes corresponding to T1 and 

T2. Since previous research indicates that comorbid anxiety-related disorders and 

psychotropic medications may influence neural activation patterns (95-97) and 

psychomotor speed, we reanalyzed the behavioral and ERP outcomes while excluding 

those participants with comorbid diagnoses or current psychotropic medication use. We 

performed similar bivariate correlations for P3 amplitudes on T1 and T2 trials of the AB 

task. Partial eta squared (η2
p) values are reported to demonstrate the magnitude of effect 

sizes following ANOVAs, with .01–.059 representing a small effect, .06–.139 a medium 

effect, and > .14 a large effect (98). Post hoc comparisons were conducted using 

univariate ANOVAs and Bonferroni corrected t tests. Effect sizes (ES) were calculated 
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for any pairwise comparisons by using Hedges’ g statistic (99). A critical alpha level of p 

< 0.05 was adopted for all significance tests.  

 

RESULTS 

Behavioral data. For accuracy on the flanker task, the mixed 2 (Group) x 2 (Task 

Congruency) ANOVA revealed a main effect of congruency, F(1,67) = 34.97, p < .001, 

η2
p=0.34, indicating that participants performed worse on incongruent relative to 

congruent trials. No main effect of group or group by congruency interaction was 

observed, indicating that MDD and healthy controls did not differ in terms of overall 

accuracy. This test also confirmed that a comparable number of data points in each group 

were available for subsequent ERP analysis. The ANOVA for RT similarly showed a 

main effect of congruency, F(1,67) = 397.52, p < .001, η2
p =0.86, due to faster response 

times for congruent versus incongruent trials. The main effect of group and the group x 

congruency interaction were not statistically significant. For the AB task, T2 accuracy 

was significantly higher on long trials (74%) than on short trials (61%), F(1,67) = 69.33, 

p < .001, η2
p =0.51, confirming an AB effect whereby T2 was detected less frequently on 

the short trials. However, no significant group main effect or interaction with group was 

observed. In sum, MDD and healthy control participants did not differ in terms of 

behavioral task performance for either task (see Figure 3). These findings remained 

consistent when we reanalyzed the data to account for comorbid diagnoses or current 

medication use. No significant correlations emerged between self-reported rumination 

and behavioral performance measures for either cognitive task.  
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ERP data. Figure 4 illustrates the grand averaged ERP waveforms for each group at the 

three frontocentral midline electrode sites (Fz, FCz, Cz) to congruent and incongruent 

flanker task stimuli. The total number of flanker trials used for ERP analysis did not 

differ by group or condition. ERPs for MDD participants included a total of 88 ± 16 trials 

for the incongruent condition and 88 ± 15 trials for the congruent condition and ERPs for 

control participants included a total of 93 ± 12 trials for the incongruent condition and 92 

± 13 trials for the congruent condition (mean ± standard deviation). For the N2 

component, a Group (MDD, controls) x Task Congruency (Congruent, Incongruent) x 

Site (Fz, FCz, Cz) ANOVA revealed a main effect of Group, F(1,67) = 6.28, p = .015, η2
p 

= .09, Task Congruency, F(1,67) = 16.48, p < .001, η2
p = .20, and Site, F(2,66) = 27.63, p 

Figure 3. Mean (±) SE behavioral task performance for: (A) reaction time (ms) on the flanker task, (B) 

response accuracy (%) on the flanker task, and (C) response accuracy on the attentional blink task. 
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< .001, η2
p = .46. Post hoc Bonferroni corrected t tests of the Group main effect indicated 

that healthy controls demonstrated overall more negative activity (.348 µV)  in the N2 

latency time window than the MDD group (-1.483 µV), p = .015. The Congruency main 

effect showed that N2 displayed a larger response (more negative amplitude) for 

incongruent (-.967 µV) relative to congruent (-.167 µV) flanker trials, p < .001. 

Decomposition of the Site main effect revealed significantly more negative amplitudes 

for Fz (-1.442 µV) and FCz (-1.036 µV) sites relative to Cz (.777 µV), ps <.05. The 

Group and Task Congruency main effects were superseded by a significant Group x Task 

Figure 4. Stimulus-locked grand average ERP waveforms for depressed (top left) and healthy (bottom 

left) participants during the flanker task averaged across frontocentral midline electrode sites (Fz, 

FCz, and Cz). Topographic scalp maps (right) collapsed across congruency for depressed and healthy 

participants. 
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Congruency interaction, F(1,67) = 4.20, p < .05, η2
p = .06. This interaction revealed a 

larger flanker N2 effect (i.e., larger N2 for incongruent versus congruent task conditions) 

for healthy participants (1.204 µV), ES = 0.38, p < .001, compared to MDD participants 

(.396 µV), ES = 0.13, p = .131. Significant main effects of Group, Congruency, and the 

Group x Task Congruency interaction remained significant when accounting for 

comorbid diagnosis and current medication use (Fs > 3.7, ps < .05), suggesting that these 

differences did not alter the overall pattern of findings. Importantly, self-reported 

rumination was also significantly correlated with N2 amplitude, r = .28, p = .02 (see 

Figure 5). This positive correlation indicates that as rumination scores increased, N2 

amplitude became more positive (i.e., less negative N2 amplitude reflects reduced 

cognitive control). 

 

 

 

 

Figure 5. Relationship between N2 amplitude averaged across frontocentral midline electrode 

sites Fz, FCz, and Cz and self-reported rumination levels during the flanker task. More positive 

N2 amplitudes are interpreted as an index of impaired conflict monitoring. 
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Figure 6 illustrates the grand averaged ERP waveforms for each group averaged 

across the Cz, CPz, and Pz midline electrode sites to short and long trials of the 

attentional blink task. The total number of attentional blink trials used for ERP analysis 

did not differ by group or condition. ERPs for MDD participants included a total of 80 ± 

21 trials for the short lag condition and 23 ± 5 trials for the long lag condition. Similarly, 

ERPs for control participants included a total of 80 ± 26 trials for the short lag condition 

and 22 ± 4 trials for the long lag condition (mean ± standard deviation). For the AB task, 

the omnibus analysis for P3 amplitude to T1 yielded a significant main effect for Lag, 

F(1,67) = 11.25, p< .001, η2
p

 = .14, and Site, F(3,65) = 21.79, p< .001, η2
p

 = .50, with 

post hoc analyses for Lag revealing significantly larger T1-elicited P3 amplitudes in long 

trials compared to short trials and for Site revealing a central-parietal distribution, with 

the parietal and central sites showing significantly larger amplitudes than the frontal and 

frontocentral sites, ps < .01. No group level main effects or interactions were evident for 

T1-elicited P3 amplitude. The 3-way mixed model ANOVA for P3 amplitude elicited by 

T2 similarly revealed a significant main effect for Lag, F(1,67) = 19.66, p< .001, η2
p

 = 

.23, and Site, F(3,65) = 4.75, p < .01, η2
p = .18, with post hoc analyses revealing larger 

T2-elicited P3 amplitudes on long trials compared to short trials and for Site revealing 

larger P3 amplitudes over central and parietal electrode sites compared to frontal and 

frontocentral sites. No significant main effects or interactions by Group were found. Self-

reported rumination levels were not associated with T1- or T2-elicited P3 amplitudes for 

short or long trials (p > 0.05). 
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DISCUSSION 

Individuals who suffer from MDD often 

experience deficits in learning, memory, 

selective attention and cognitive control (32, 

100-102). These various processes allow one 

to initiate actions, evaluate risks, make 

decisions, plan for the future, inhibit habitual 

or prepotent responses, and resist temptations. 

During depressive episodes, individuals often 

ruminate about the past, which further 

interferes with cognitive control processes and 

the ability to inhibit unwanted thought 

patterns. In this study, we examined conflict 

monitoring using a modified flanker task and 

the ability to process two temporally close stimuli using a RSVP paradigm in depressed 

individuals and healthy controls, as well as the relationship of these cognitive processes 

to rumination. We examined how these behavioral and psychological measures related to 

neural indices of cognitive control and attention as evident in ERPs elicited by the flanker 

and AB tasks. The present findings indicate that although behavioral task performance 

was comparable between the two groups, there were differences between the groups’ 

respective ERP responses to environmental stimuli. ERPs may be more sensitive to subtle 

cognitive dysfunction in MDD and provide some insight into the underlying mechanisms 

involved. Consistent with our hypotheses, the amplitude of the N2 was significantly 

Figure 6. Stimulus-locked grand average 

waveforms for short (top) and long (long) 

attentional blink trials averaged across 

centroparietal midline electrode sites Cz, 

CPz, and Pz.  
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reduced in depressed participants when compared to non-depressed participants.  These 

neuronal responses were particularly observed in response to the incongruent flanker task 

condition (i.e., the task condition requiring greater amounts of conflict monitoring) and 

were maximal at frontocentral recording sites. Moreover, correlational analyses indicated 

that participants who reported greater rumination levels also expressed significantly 

smaller N2 amplitudes. Contrary to expectations, behavioral performance and P3 

amplitudes for the AB task were similar among depressed and non-depressed individuals, 

suggesting preserved temporal dynamics of attentional processes and neural resource 

allocation during the AB task in MDD. The implications of these findings are discussed 

below.  

First, similar to several previous studies (20, 92) we failed to observe any 

differences in behavioral performance measures between individuals with MDD and 

typical controls. Moreover, no significant correlations were found between self-reported 

rumination and accuracy or reaction time measures for either cognitive task. In contrast, 

although Holmes and Pizzagalli (33) reported no difference in accuracy, they found 

significantly longer response times for MDD patients relative to controls for the more 

challenging incongruent Stroop task trials. The participants in this latter study were older 

than those used in our study or in these previous studies of cognitive control deficits in 

MDD (20, 92). Many of the participants in our study were also university students. It is 

possible that select neurocognitive deficits in MDD are not observable using behavioral 

performance measures in such a young, otherwise high functioning population. One 

advantage of ERPs over behavioral measures is that they can provide information 

regarding the covert subset of neural processes that occur between stimulus engagement 
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and motor response execution. Therefore, they may be more suitable to detecting any 

underlying impairment in conflict monitoring and attentional processes that may be 

present yet not observable through other measures. Future studies aimed at investigating 

the temporal sequence of cognitive deficits and MDD as well as any developmental 

variations in these neurocognitive processes are warranted. 

Depressed individuals displayed lower N2 ERP amplitudes during the flanker 

task, a task requiring variable amounts of cognitive control. The ERP data suggested 

impairment in early conflict processing stages of information processing. This suggests 

that the MDD group recruited less cognitive control during task performance compared to 

healthy controls. Previous studies examining the N2 component in MDD have resulted in 

mixed findings, and several recent studies have not found between group (MDD vs. 

controls) differences in N2 amplitude (20, 53). Clawson et al. (20) examined N2 

amplitudes in the context of conflict adaptation, wherein previous trial congruency 

influences current trial performance through available cognitive control resources. 

Although no group differences were found, depressive symptoms assessed through the 

BDI-II were significantly correlated with N2 conflict adaptation scores. The authors 

noted that the relationship between symptoms of depression and reduced conflict 

adaptation processes may be dimensional rather than categorical in nature, and that 

individuals who experience levels of depression that fail to meet diagnostic thresholds 

may still evidence cognitive dysfunction, including those processes involved in conflict 

adaptation. In contrast, Mao et al. (103) assessed an N2 component (labeled the N270 in 

their study) during a visual S1-S2 mismatch paradigm and found smaller N270 amplitude 

among the depressed patients compared to controls at frontal and parietal electrode sites. 
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This finding was interpreted as evidence of impaired conflict processing, involving ACC 

and lateral PFC regions. Differences in the tasks used, clinical characteristics of the 

participants, and precise timing of the component amplitudes across studies may have 

resulted in the mixed findings in the literature. Future studies should incorporate tasks 

that are believed to be sensitive to both early and later stages of cognitive control 

processes to elucidate the precise temporal nature of dysfunction in MDD. Moreover, it 

will be important for future research to examine this relationship across a wider domain 

of depression severity to determine whether this relationship is stronger for more severely 

depressed individuals versus those with mild to moderate depression.  

Several previous studies have also studied other ERP components associated with 

cognitive control processes in depressed patients using both emotional (104, 105) and 

nonemotional (20, 33, 92, 106) tasks. Using a Stroop task, Holmes and Pizzagalli (33) 

found that individuals with MDD showed larger Stroop interference effects and reduced 

N2 and N450 amplitudes. The N450 component belongs to the conflict-monitoring 

family of ERPs and is believed to represent similar cognitive control processes related to 

conflict monitoring (i.e., N2), although it may not be as sensitive to conflict adaptation 

processes (24). Moreover, source localization analyses revealed reduced activation within 

dorsal ACC and left dorsolateral PFC regions 620 ms after stimulus presentation among 

MDD participants, and the reduced activation resulted primarily in response to 

incongruent trials (33). Krompinger and Simons (92) similarly found overall reduced 

Stroop N450 amplitudes in undergraduates with high BDI scores relative to those with 

lower BDI scores; however, a large Stroop congruency effect was found for the N450 for 

the high but not for the low depressive group, amid comparable behavioral task 
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performance scores. This hyperactivation was also related to rumination and suggests that 

trait ruminators might over engage cognitive control processes, including the affective 

subdivisions of the ACC, in the process of performing at normative levels. It is also 

possible that depressed individuals have less efficient neuronal resources due to other 

psychological processes that occur during performance of the task, which may happen 

with trait ruminators. To examine this possibility, we assessed the correlation between 

individual differences in rumination and N2 amplitudes elicited by the flanker stimuli. 

We found that N2 amplitudes were significantly related to self-reported rumination 

levels, such that higher rumination scores were related to lower N2 amplitude. Thus, 

rumination appears to be associated with less efficient conflict monitoring resources used 

to attend to stimuli in the environment that may be unexpected and require the 

upregulation of cognitive control. This diminished cognitive control at the neurological 

level may partially explain why some depressed individuals have difficulty disengaging 

from negative environmental experiences and a diminished ability to reappraise situations 

to find positive perspectives about the situation (107). These findings are consistent with 

other studies, which report that clinically depressed individuals have difficulty inhibiting 

the emotional effects of negative content (108, 109), even after the depression has 

remitted (110, 111). 

Deficits of cognitive control in depression could be caused by a number of 

neurobiological factors such as epigenetic influences, neurovascular changes, stress 

exposure, or environmental and social influences, among others. These influences likely 

interact to confer risk for MDD in particular and psychopathology more broadly. A recent 

meta-analysis of 193 structural neuroimaging studies across six diverse psychiatric 
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diagnostic groups (schizophrenia, bipolar disorder, depression, addiction, obsessive-

compulsive disorder, and anxiety) found gray matter loss in three specific brain regions 

across diagnostic categories: the dorsal anterior cingulate, right insula, and left insula 

(112). This finding was important not only in demonstrating a possible shared disrupted 

neural circuitry across diagnoses, but highlights the potential importance of executive 

functioning or cognitive control in these conditions. Others have previously noted 

important brain regions in depression (prefrontal cortex, hippocampus, and amygdala; 4), 

and, importantly, these structures also emerged as critical to depression in the meta-

analysis (112). Depression may result in underlying neurobiological changes that in turn 

cause impairment in cognitive control (113). The causal pathway may be explained by 

underlying impairments in cognitive control contributing to risk for or relapse of 

depressive episodes, possibly by contributing to an inability to inhibit feelings of 

frustration, helplessness and low self-worth (32). As mentioned previously, there is a 

need for longitudinal studies to examine the directional links between cognitive control 

processes and depression at both a behavioral and neurobiological level. 

A number of different attentional processes have been studied in relation to mood 

disorders and MDD (32, 54). Previous studies have indicated that the temporal dynamics 

of attentional processes can be influenced by demographic, lifestyle, or health factors, as 

reflected by the size of the AB as well as P3 amplitude (85, 114, 115), but how temporal 

dynamics of attention are affected by MDD is not well understood. In the present study, 

we observed no group differences in attentional resources devoted to the AB task in 

participants with MDD. Specifically, no significant differences in the magnitude of the 

AB or P3 amplitude were observed between depressed and healthy groups. It is possible 
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that individuals with depression can maintain attention through basic attentional tasks 

(e.g. simple organization tasks), but have more difficulty as the tasks require greater 

response monitoring or conflict (e.g., cognitive evaluation, aspects of social engagement). 

It is important in future research to examine the temporal sequence between MDD and 

conflict monitoring aspects of cognitive control. Our results suggest the possibility that 

an initial target of treatment in MDD should be the reduction of rumination. 

While these data suggest impaired conflict monitoring in MDD, several 

limitations should be noted. First, the current sample size was relatively small, which 

may have limited power in detecting group differences in subtle attentional processes. 

Second, although group differences emerged in ERPs that were elicited by the flanker 

task, we did not observe statistically significant differences in behavioral task 

performance between depressed and healthy participants. We also did not find any 

significant correlations between N2 and P3 amplitudes and task performance measures. 

Previous studies have shown a relation between N2 amplitudes and reaction time (47, 

116, 117), suggesting that the degree of conflict as measured my N2 amplitude is 

reflected in impaired behavioral performance. It is possible that our version of the flanker 

task was not demanding enough to detect behavioral differences by depression status. 

Another possible explanation may be that our behavioral tasks did not involve a negative 

valence component, which may have activated depression symptomology more than the 

neutral behavioral stimuli used in this study. Further, it is possible that the MDD sample, 

consisting of enrolled undergraduate students, was functioning at a sufficiently high 

cognitive level to overcome potential neurocognitive limitations on the tasks employed. 

As mentioned previously, the precise temporal resolution of ERPs provides a more 
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sensitive approach for detecting cognitive deficits and their underlying 

neurophysiological mechanisms. Although we did not source-localize our ERP 

components, the nature of the cognitive tasks and the ERP findings nonetheless allow us 

to draw comparisons to those observed in other ERP studies examining cognitive control 

processes.  

In spite of these limitations, the present findings suggest a potential link between 

conflict monitoring processes and rumination in MDD. This study represents an initial 

step in developing a more comprehensive understanding of depression  by integrating 

neural and cognitive models of MDD. The ERP data combined with previous source 

localization and fMRI studies suggest dysregulation within anterior cingulate and 

prefrontal brain regions in MDD (33, 48). Given these and related data, it is important to 

develop clinical interventions which increase the neuronal response that underlies conflict 

monitoring processes and reduce the maladaptive levels of rumination that often are 

observed in individuals with MDD. 
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INTRODUCTION 

It is now well accepted that acute exercise has a positive effect on cognitive functioning 

when cognition is assessed post-exercise (118-122). Indeed, meta-analytic reviews have 

reported small but significant effects of acute exercise on cognitive performance (119, 

120). However, a majority of the studies in this area have assessed cognition following 

exercise to control for exercise-induced physiological arousal, with relatively fewer 

studies focusing on cognitive performance during exercise. This is important since a 

critical methodological factor that might explain the inconsistent findings in the literature 

relates to the time that cognition is assessed relative to exercise. Additionally, the 

mechanisms involved and moderators of the relationship are still widely unknown. 

Understanding important moderators as well as cognitive and brain processes during 

exercise may help to better understand the benefits of exercise participation on cognitive 

function and brain health. 

Previous studies have reported that acute aerobic exercise exerts a small 

beneficial effect on cognitive performance when assessed during exercise (119, 121); 

however, not all studies are in agreement (123, 124). Several key moderating variables 
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that may impact this relationship have been identified in recent meta-analyses (119, 120). 

These moderators (e.g., exercise duration and intensity) may help to both explain the 

discrepant findings and advance our understanding of the complex relationship between 

acute exercise and cognition. Both meta-analyses suggest that exercise has a selective 

impact on cognition depending upon when cognition is assessed relative to exercise. 

Specifically, Lambourne and Tomporowski (120) reported that cognitive task 

performance was impaired during exercise; however, these impairments were only 

observed during the first 20 min. Beyond the initial 20 min of exercise, they observed 

enhanced performance on cognitive tasks that involved rapid decisions and automatized 

behaviors. Chang et al. (119) found no significant differences between effect size 

measures derived from three different acute exercise paradigms: those that assessed 

cognitive performance during exercise, immediately following exercise, and after a 

longer delay (> 1 min following exercise). However, based on those studies that assessed 

cognition during exercise, the largest effect sizes were observed when cognitive tasks 

were administered 20 min or longer following exercise onset. These meta-analytic 

findings are consistent with the conclusions drawn by Brisswalter et al. (118) who 

reported consistent positive effects of acute exercise lasting more than 20 min on 

cognitive performance. Although these reviews are suggestive of the notion that exercise 

lasting longer than 20 min in duration may facilitate or impair cognition depending on 

when cognition is assessed, this idea has received very little scientific attention. This 

research has important theoretical implications and may help to elucidate the optimal 

dose of exercise to prescribe to enhance cognitive performance.  
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A second key moderator that has been less well studied and may help to better 

characterize the effects of exercise on cognitive performance is exercise intensity. 

Examining the dose-response relationship between exercise intensity and cognition may 

help to elucidate the psychobiological processes induced by different exercise intensities, 

and how these processes help to explain the effects of exercise on select cognitive 

processes. Even fewer studies have examined the dose-response effects of exercise on 

cognitive control (125). Cognitive control is a construct from contemporary cognitive 

neuroscience that refers to top-down, goal directed operations that assist with the 

selection, scheduling, maintenance, and coordination of processes that underlie 

perception, memory, and action (126, 127). Utilizing the Karvonen or heart rate reserve 

(HRR) method to prescribe exercise intensity, which reflects the difference between 

maximal and resting heart rate (HR), Wang et al. (125) randomly assigned 80 typical 

college-aged adults to low (30% HRR), moderate (50% HRR), and high (80% HRR) 

intensity exercise conditions or to a no-exercise seated control and administered a 

cognitive control task (i.e., the Wisconsin Card Sorting Test, WCST) simultaneous with 

the interventions. They reported impaired WCST performance during high intensity 

exercise relative to the other three conditions, whereas similar performances were found 

for the low and moderate intensity exercise conditions. Alternatively, Schmit and 

colleagues (128) examined concurrent changes in cognitive control and cerebral 

oxygenation (Cox) in the prefrontal region during strenuous exercise performed to 

exhaustion. Although Cox values were found to decline linearly until exercise 

exhaustion, there was no systematic impairment of cognitive control during the intense 

bout of exercise. It remains to be determined whether these findings related to prefrontal 



  

  

42 

activation would persist beyond the first 20 min of exercise and whether there is a dose-

response relationship between exercise intensity and cognitive performance. Moreover, it 

is possible that the intensity of exercise interacts with exercise duration to impact 

cognition. There is a need to examine the dose-response relationship between exercise 

intensity and in-task cognitive performance and whether this relationship changes within 

and beyond the initial 20 min of exercise. 

Traditionally, studies in this area have used behavioral performance measures 

such as response accuracy and reaction time to gauge cognition both during and 

following exercise. Although these measures have undoubtedly enhanced our 

understanding of the effects of exercise on cognition, the high temporal sensitivity of 

event-related brain potentials (ERPs) may allow for greater understanding of covert 

aspects of cognitive processing, including processes that occur between stimulus 

presentation and response selection and action. ERPs reflect patterns of voltage 

fluctuations in the ongoing electroencephalogram (EEG) that are time-locked to a 

specific event, such as the onset of a stimulus or the execution of a manual response 

(129). Two components that have been leveraged to better understand the complex nature 

of cognitive processing during exercise are the N2 and P3 components of the ERP. The 

N2 component is a negative deflection in the stimulus-locked ERP with a frontocentral 

scalp distribution that peaks approximately 200-350 ms after stimulus presentation (19, 

20, 23), and has been repeatedly associated with the detection of response conflict, the 

mismatch of a stimulus with a mental template, and/or increased cognitive control during 

response inhibition (23-25). The P3 component is a positive deflection in the stimulus-

locked ERP observed at central and parietal scalp sites approximately 250–500 ms after 
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stimulus onset, and the component amplitude is believed to reflect the allocation of 

attentional resources during stimulus engagement (73, 74). The N2 and P3 components 

have been instrumental in advancing our understanding of cognitive and brain function 

both during and following acute exercise (124, 130, 131). 

The few studies that have used ERPs to investigate cognition during exercise have 

reported equivocal results. Pontifex and Hillman (124) assessed cognition through ERPs 

while participants cycled at a steady-state corresponding to 60% of maximal HR for 

approximately 6.5 min. They found global reductions in N2 and increases in P3 

amplitude across frontal and lateral electrode sites along with longer N2 and P3 latencies, 

suggesting cortical inefficiency during stimulus engagement and delays in stimulus 

evaluation and classification speed. In terms of behavioral performance, exercise resulted 

in impaired accuracy for the incongruent trials of the flanker task, reflecting the task 

condition requiring greater amounts of cognitive control. More recently, Vogt et al. (132) 

had participants perform mental arithmetic during a moderate intensity bout of self-paced 

cycling within a virtual environment while EEG was recorded. Although they found an 

increase in N2 and P3 amplitudes elicited by the virtual environment, these ERPs were 

not influenced by exercise. Moreover, no significant differences were observed in 

behavioral performance (response accuracy and reaction time) measures between 

exercise and control conditions. However, it was conceded that performing a cognitive 

task while cycling in a virtual environment may have created an increase in cognitive 

load, which might have obscured any effects of exercise per se on cognition. Taken 

together, these findings suggest either no changes or perhaps deficits in cognition during 

exercise, particularly for cognitive control tasks. However, in line with findings from 
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meta-analyses (119, 120), the influence of exercise lasting longer than 20 min on 

behavioral and neurophysiological correlates of cognitive control (i.e., N2 and P3 

components) warrants investigation. 

To date, no study has investigated the dose-response effects of aerobic exercise 

intensity on cognitive control by recording both behavioral and neuroelectric measures. 

Moreover, there is a need to investigate the effect of duration on cognitive control 

processes during the initial 20 min of exercise and thereafter to determine whether there 

is a delayed benefit of aerobic exercise on cognitive processing. Therefore, the purpose of 

this study was to assess neurophysiological and behavioral performance measures of 

cognitive control during a 31 min bout of aerobic exercise performed at 40% and 60% of 

peak aerobic fitness (VO2 peak) and to examine the time course effects on cognition by 

assessing neurocognitive performance at 5, 15, and 25 min time points during steady-

state exercise. We hypothesized that the ERP measures would exhibit greater sensitivity 

to the effects of acute exercise on cognitive performance than the behavioral performance 

measures (see 124, 133). Based on existing dose-response evidence during exercise, it 

was hypothesized that both the 40% and 60% exercise conditions would impair response 

accuracy and N2 and P3 ERP measures compared to rest. Lastly, based on current meta-

analytic findings (119, 120), we expected cognitive benefits for both exercise conditions 

assessed at 25-min relative to earlier time points following exercise onset. 

 

METHODS 

Participants 
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Undergraduate students were recruited from Rutgers University and the surrounding 

community through the use of flyers and advertisements. Participants were required to 

meet the following inclusion criteria: between the ages of 18 and 35, native English 

speakers, right handed, and reporting normal or corrected-to-normal vision. Participants 

were excluded if they had a presence or history of cardiovascular, neurological, or 

musculoskeletal problems that would impact exercise ability, past or present history of 

psychiatric or neurological disorders (including attention deficit hyperactivity disorder 

(ADHD), clinical depression or anxiety, or any head injury with loss of consciousness), 

or were taking medication. Thirty participants who met the inclusion criteria were 

enrolled in the study. Three participants were eliminated because more than 50% of their 

trials contained artifacts after artifact detection (134), yielding a final sample of 27 

participants. Prior to participation, participants provided written informed consent that 

was approved by the Institutional Review Board at Rutgers, The State University of New 

Jersey. Participant demographic and fitness data are provided in Table 2. 

 

Procedures 

Participants visited the laboratory on four separate days. Each testing day is referred to as 

a session. During the first session, participants were given a general description of the 

study, provided consent, and completed a health history and demographics questionnaire 

and a physical activity readiness questionnaire (PAR-Q) to ensure safety for the 

cardiorespiratory fitness assessment and subsequent testing sessions. Participants were 

asked to avoid exercise for 48 hours and caffeine or other stimulants for 3-4 hours prior 

to baseline testing. This was verified upon arrival to the laboratory. Participants were 
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accompanied to an exercise testing room and fitted with a Polar S810 heart rate monitor 

and had their height and weight measured with a stadiometer and digital scale (Health-O-

Meter model 499KL, IL). A maximal cardiorespiratory fitness (VO2 peak) test was then 

administered while participants cycled on a Lode Corival cycle ergometer. Upon 

completion of the fitness assessment, participants were scheduled for their remaining 

three testing sessions, which took place at approximately the same time of day as their 

initial visit. 

 

Table 2. Participant characteristics (M ± SD) overall and by gender. 

	  
Measure	  

	  
Females	  

	  
Males	  

	  
Total	  

n	   11	   16	   27	  
Age (years)	   20.4 ± 1.5	   20.5 ± 2.3	   20.4 ± 2.0	  
Height (cm)*	   160.1 ± 7.0	   176.8 ± 5.8	   170.0 ± 10.4	  
Weight (kg)*	   57.6 ± 3.6	   74.3 ± 11.4	   67.5 ± 13.8	  
BMI (kg/m2)	   22.4 ± 3.6	   23.7 ± 3.0	   23.2 ± 3.3	  
VO2 peak (mL*kg-1

* min-1)*	   33.7 ± 7.9	   48.2 ± 10.1	   42.3 ± 11.7	  

Note. VO2 peak norms are available in the American College of Sports Medicine (2013) 

Guidelines for Exercise Testing and Prescription (9th Edition). *Significant difference, 

unpaired Student’s t test between females and males, p < .05. 

 

For the three experimental sessions, participants completed a no-exercise seated 

control, a low intensity (40% VO2 peak), and a moderate intensity (60% VO2 peak) 

exercise bout in counterbalanced order, performed 2–3 days apart to allow adequate 

recovery from the previous session. The no-exercise seated control involved participants 

sitting at rest on the cycle ergometer while the exercise conditions consisted of cycling 

for 31 min at a HR intensity range corresponding to approximately 40% or 60% VO2 
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peak as determined from the baseline fitness test (i.e., HR achieved at these intensities 

during maximal VO2). HR ranges were determined prior to participants entering the lab 

and were monitored throughout each session. In order to standardize additional variables 

related to work output, data from the maximal fitness test were used to set the initial 

resistance (Watts) for the exercise sessions. At the start of each experimental session, 

participants were fitted with a Polar HR monitor and the bike was re-adjusted to the 

settings established during the baseline fitness test. A 64-channel Geodesic Sensor Net 

(Electrical Geodesic, Inc, OR) was applied to record continuous electroencephalographic 

(EEG) activity. In order to reduce head and upper body movement artifact during 

neuroelectric recording (133), participants were asked to maintain a posture where upper 

body movement was minimized without restricting lower body movement. To further 

reduce movement artifact and noise, the electrode wire harness was suspended and 

elevated away from the neck and back region. Participants were verbally read and 

provided with on-screen instructions for the flanker task. During the last two minutes of a 

5 min low intensity warm-up on the bicycle ergometer (women, 70W; men, 80W), 

researchers adjusted the resistance until HR corresponding to 40% or 60% VO2 peak was 

reached and maintained. Participants also completed a practice block of the flanker task 

during the 5 min warm-up. HR was continuously recorded and monitored at the 

beginning and end of each trial block to ensure participants were maintaining ± 5 beats 

per minute (bpm) of their individually prescribed range of intensity. During the control 

session, participants were required to maintain the same posture on the cycle ergometer 

without pedaling for an equivalent amount of time (31 min). Following completion of the 
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final experimental testing session, participants were compensated and briefed on the 

purpose of the study. 

 

Cardiorespiratory Fitness Assessment 

Cardiorespiratory fitness was assessed by a maximal oxygen consumption (VO2 peak) 

test performed on a Lode Corival (Lode B.V., Groningen, NLD) cycle ergometer. Prior to 

testing, participants sat on the ergometer so the seat height and aero bicycle handlebar 

angle could be adjusted so they were comfortable, yet steady, while maintaining an 

efficient cycling posture. The seat height was set such that participants’ knees were bent 

by 10 to 20 degrees at full extension on the down stroke. A 2 min warm-up with very 

Figure 7. Study diagram. Following practice trials and a 5-min warm-up period, experimental 

sessions (2–4) contained three 6.5-min blocks of flanker trials separated by 3.5-min of steady- state 

exercise or rest (during the control condition). Sessions ended with a 5-min cool-down period. 
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light resistance (25 W) was completed prior to the ramped protocol. The protocol 

involved increasing the resistance of the ergometer by 5 W every 10 s while a steady 

cadence (RPM) was maintained until volitional exhaustion or VO2 peak criteria were 

met. Speeds ranged from 50-75 RPM depending on the comfort level and experience of 

the participant. If the participant was unable to maintain a steady cadence (±5 RPMs of 

their selected speed) for greater than 10 s, they were given one warning that the test 

would be terminated unless the RPM was maintained. Following 15 s out of the 

determined range or on the second warning, the test was terminated and participants were 

allowed to cool-down. VO2 peak (mL *kg-1
* min-1) was determined from direct expired 

gas exchange data from a computerized metabolic system (Parvo Medics True Max 2400 

Metabolic Cart, ParvoMedics, Inc., Sandy, UT) averaged over 15 s intervals. VO2 peak 

was determined as the maximal relative rate of oxygen consumption when at least two of 

the following criteria were met: (1) a plateau in VO2 values despite a progressive increase 

in workload, (2) maximal heart rate (HR) within 10 beats per minute (bpm) of age-

predicted maximal values (220 bpm - age in years), or (3) a respiratory exchange ratio 

greater than 1.10. A 5 min cool-down was then performed at a self-selected pace with 

minimal resistance to ensure participants returned to baseline HR values prior to leaving 

the laboratory. 

 

Eriksen Flanker Task 

Participants completed a modified version of the Eriksen flanker task (84) to examine 

cognitive control. Stimuli consisted of five arrows presented in the center of the computer 

screen. The central arrow was the target, while the surrounding or flanking arrows on 
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each side of the target served as distractors. Each block of trials consisted of equally 

weighted congruent and incongruent trials presented in random order. The congruent 

trials consisted of the central target being flanked by arrows pointing in the same 

direction (e.g., <<<<<), while incongruent trials involved the target being flanked by 

arrows pointing in the opposing direction (e.g., <<><<; see Figure 1). After a practice 

block of 30 trials, which took place during the 5 min warm-up period, three 6.5 min 

blocks of trials were presented during each experimental session, separated by 3.5 min of 

cycling or rest, depending on condition (Figure 7). During the 3.5 min period between 

each trial block, participants either maintained steady-state exercise or remained sitting 

comfortably on the cycle ergometer during the control condition. Regardless of 

congruency, participants performed a button press with their left thumb when the central 

target pointed to the left (<) and a button press with their right thumb when the central 

target pointed to the right (>). Participants’ responses were collected via response clickers 

(left and right) that were attached to custom aero bars affixed to the cycle ergometer. 

Participants were instructed to respond as quickly and accurately as possible by pressing 

the left or right response button with the hand that corresponded to the direction in which 

the target was pointing. The stimuli were presented on a monitor at a distance of 70 cm 

centered to the nasion. The stimuli were 1.5 cm tall x 8 cm long black arrows centered 

focally on a white background for 100 ms with a response window of 1500 ms. The 

vertical and horizontal visual angles were 1.2° and 6.6°, respectively. A random inter-

stimulus time interval of 1100, 1300, or 1500 ms was used between each visual fixation 

(+) and the stimulus in order to reduce potential anticipatory responses. Performance 

feedback was provided only during the practice trials.  
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Electroencephalographic (EEG) Data 

Continuous EEG activity was recorded from 64 scalp sites using a Geodesic Sensor Net 

and Electrical Geodesics, Inc. (EGI; Eugene, OR) amplifier system (20 K nominal gain, 

bandpass = .10–100 Hz). Continuous data were initially referenced to the vertex electrode 

(Cz) and digitized continuously at 250 Hz with a 24-bit analog-to-digital converter. 

Impedances were maintained below 50 kΩ. Although lower impedances are typically 

recommended, previous research has shown acceptable EEG signals when data were 

collected with higher scalp impedances, and similar values have been used in previous 

studies of cognitive control (135, 136). 

Following collection, data were re-referenced to the average of the left and right 

mastoids (90, 91) and bandpass filtered with a low-pass frequency of 30 Hz and high-

pass frequency of .1 Hz. The continuous EEG data were manually inspected and periods 

with large movement-related artifacts (eye-blinks and eye movement) were removed 

using NetStation 4.0 (Electrical Geodesic Inc., EGI). Stimulus-locked epochs were then 

created from 100 ms pre-stimulus to 1,000 ms post-stimulus and baseline adjusted using 

the 100 ms pre-stimulus period. Prior to artifact detection and removal and to control for 

potential DC drift often associated with gross movement artifact, a linear detrend was 

applied to the segmented data where a linear trend line was plotted, the slope was 

calculated and subtracted from the waveform (124). NetStation detection software, which 

allows for the adjustment of settings for detecting and marking artifacts and contaminated 

segments, was used to detect eye-blinks, vertical and horizontal eye-movements, and bad 

channels. Marked segments were visually inspected and rejected if they contained 1) eye 

movements exceeding 55 µV, 2) eye blinks exceeding 140 µV, or 3) greater than or equal 
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to 10 bad channels exceeding 200 µV. In each case, a moving average of 20 samples 

combined with threshold values was used. Using spherical spline interpolation, bad 

channels were then replaced from the remaining channels in “good” segments. Trials 

were also visually inspected for any remaining artifacts, and data from individual 

channels containing artifacts were rejected on a trial-by-trial basis. Trials with incorrect 

behavioral responses were excluded from all analyses.  

Consistent with previous ERP research (23, 74) and to reduce selection bias, a 

priori time windows for the ERP components were established. The N2 component was 

defined as the mean negative amplitudes within a 200-350 ms window post-stimulus 

onset, while the P3 component was defined as the mean amplitude within a 250-500 ms 

window post-stimulus onset. Although peak amplitudes are often used in the literature to 

define ERP components, Luck (18) suggests using mean amplitudes to better capture 

ERP components over an extended period of time, especially when the data collected 

may be biased by added noise due to muscular or bodily movements during exercise. 

Moreover, Luck (18) asserts that it is impossible to estimate the time course or peak 

latency of an underlying ERP component by looking at a single ERP waveform and this 

is especially true when two or more ERP components are being compared. Therefore, in 

the current study we limited our analysis to ERP component amplitudes.  

 

Data Analysis 

Descriptive statistics were first performed on participant demographic and fitness data. 

Repeated measures analyses of variance (rANOVA) were used for ERP and behavioral 

analyses with a 2-tailed alpha level of .05 for all statistical tests, and probability values 
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were adjusted when appropriate with the Greenhouse-Geisser epsilon correction for 

nonsphericity (137). To reduce the potential effect of outliers, trials with RTs beyond the 

individual mean ± 3 SD for each trial type were excluded. As a manipulation check of 

exercise intensity, a 3 (Condition: control, 40%, 60% VO2 peak) x 3 (Time: Blocks 1-3) 

rANOVA was conducted to compare HR across conditions. This analysis was expected 

to reveal significant linear increases in HR from rest to 40% to 60% exercise conditions. 

Behavioral performance data (i.e., response time and accuracy) were submitted to a 3 

(Condition: control, 40%, 60% VO2 peak) x 3 (Time: Blocks 1-3) x 2 (Task Congruency: 

Congruent, Incongruent) rANOVA. Additionally, the total number of trials performed 

during each 6.5 min block were submitted to a 3 (Condition: control, 40%, 60% VO2 

peak) x 3 (Time: Blocks 1-3) rANOVA to determine potential differences in total trials 

attempted per block. The time blocks refer to when the cognitive task was administered 

during each condition, with each block representing 6.5 min of cognitive testing. Block 1 

began at min 5, block 2 at min 15, and block 3 at min 25 following the start of each 

condition.  

For the ERP data, statistical analyses for the N2 and P3 components were 

performed using 5 electrode sites across the midline (N2: Fz, FCz, and Cz; P3: Cz, CPz, 

and Pz). The anterior N2 is most robust and frequently examined at frontocentral midline 

electrode sites (23, 138). Thus, Fz, FCz, and Cz electrodes were used for N2 analyses. N2 

data were submitted to a 3 (Condition: control, 40%, 60% VO2 peak) x 3 (Time: Blocks 

1-3) x 2 (Task Congruency: Congruent, Incongruent) x 3 (Site: Fz, FCz, Cz) rANOVA. 

To replicate the Pontifex and Hillman (2007) study and because the posterior P3 

component is most prominent and commonly studied at centroparietal midline electrode 
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sites (139, 140), analyses for P3 included the Cz, CPz, and Pz electrode sites. P3 data 

were submitted to a 3 (Condition: control, 40%, 60% VO2 peak) x 3 (Time: Blocks 1-3) x 

2 (Task Congruency: Congruent, Incongruent) x 3 (Site: Cz, CPz, Pz) rANOVA.  

 

RESULTS 

Mean reaction time (RT), response accuracy, N2 and P3 amplitudes by condition are 

shown in Table 3. Preliminary analyses revealed no gender differences on behavioral 

performance variables or amplitude of the N2 and P3 components. As expected, males 

had higher VO2 peak (48.2 ± 10.1 mL*kg-1
* min-1 vs. 33.7 ± 7.9 mL*kg-1

* min-1) values 

than females. Given no gender differences in cognitive performance, data were collapsed 

across gender for all subsequent analyses. As a manipulation check of exercise intensity, 

the 2-way rANOVA revealed a significant main effect of Condition, F(2,25)=147.9, 

p<.001, η2
p = .91, with higher HR values elicited by the 40% and 60% VO2 peak 

conditions compared to rest (see Figure 8). The two exercise conditions also significantly 

differed from one another, p<.001. The 2-way rANOVA on total trials revealed no 

significant main effect of Condition, F(2,25)=.37, p>.05, η2
p = .03, or Time, F(2,25)=.21, 

p>.05, η2
p = .02. There was also no significant Condition x Time interaction, F(4,23)=1.4, 

p>.05, η2
p = 0.2). There were approximately 138 trials completed per 6.5 min block. 

 

Behavioral Performance. The 3-way rANOVA for response accuracy revealed a main 

effect of Condition, F(2,25)=6.8, p<.01, η2
p = .31, and Task Congruency, F(1,26)=34.4, 

p<.001, η2
p = .53. However, these were superseded by a 2-way interaction of Condition x 

Task Congruency, F(2,25)=8.2, p<.001, η2
p = .35. Post hoc Bonferroni corrected t tests of  
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Task Congruency by Condition revealed a significant decrease in response accuracy for 

incongruent trials in 40%, t(26)=2.7, p<.05, and 60% VO2 peak conditions, t(26)=3.2, 

p<.01, compared to rest. No significant differences were found between the two exercise 

conditions for the incongruent trials, t(26)=.02, p>.05 (see Figure 9). In addition, no 

significant differences were found between conditions for congruent trials, p>.05.The 3-

way rANOVA for RT similarly revealed a main effect of Condition, F(2,25)=9.1, p<.001, 

η2
p = .38, and Task Congruency, F(1,26)=282.7, p<.001, η2

p = .90. As anticipated, shorter 

RT was found for congruent relative to incongruent trials. In terms of Condition, the 60% 

Figure 8. Average heart rate responses between experimental conditions. Heart rate values are averaged 

across 6.5 min trial blocks presented at 5, 15, and 25 min. As expected, participants displayed higher 

heart rates during 40% and 60% VO2 peak conditions compared with rest, with the 60% condition 

displaying the highest values. 
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VO2 peak condition resulted in faster RT than rest or the 40% VO2 peak condition. No 

significant difference was observed between rest and 40% VO2 peak conditions. In 

addition, a significant Time main effect was also observed, F(2,25)=13.3, p<.001, η2
p = 

.47. Post hoc Bonferroni t tests revealed that participants responded significantly faster 

across successive time blocks (Block 1: M = 337.3 ms, SE = 11.3; Block 2: M = 327.9 

ms, SE = 11.6; Block 3: M = 316.7 ms, SE = 10.8), p<.05. 

  

N2 Amplitude. Analyses revealed a significant main effect of Task Congruency, 

F(1,26)=23.2, p<.001, η2
p = .47, which was superseded by Condition x Congruency, 

F(2,25)=3.6, p<.05, η2
p = .22, and Congruency x Time, F(2,25)=13.4, p<.001, η2

p = .52, 

Figure 9. Mean (±) SE behavioral task performance for: A) response accuracy (%) and B) reaction time 

(ms) on the flanker task. *Congruency main effect: congruent trials significantly different from 

incongruent trials; #Condition × Task interaction: control condition significantly different from 60% for 

incongruent trials only; †Condition × Task interaction: control condition significantly different from 40% 

on incongruent trials only; §Condition main effect: 60% significantly different from control condition; 

‡Condition main effect: 60% significantly different from 40% condition. 
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interactions. Post hoc Bonferroni corrected t tests of Congruency within each Condition 

revealed greater congruency effects in the exercise conditions (40%: 1.7µV and 60%: 

1.4µV) compared to the rest condition (0.7µV), p<.05. For the Congruency x Time 

interaction, t-tests indicated more negative amplitudes over time for congruent conditions 

while amplitudes for incongruent conditions become more positive over time, p<.05. A 

Condition main effect approached significance at p=.07, with both exercise conditions 

displaying more negative amplitudes compared to the rest condition (Figure 10). 

Figure 10. Stimulus-locked grand average ERP 

waveforms for N2 by condition for congruent (A) 

and incongruent (B) flanker conditions averaged 

across frontocentral midline electrode sites (Fz, 

FCz, and Cz). Shading highlights the N2 time 

window of 200–350 ms post-stimulus onset. 

Figure 11. Stimulus-locked grand average ERP 

waveforms for P3 by condition for congruent (A) 

and incongruent (B) flanker conditions averaged 

across centroparietal midline electrode sites (Cz, 

CPz, and Pz). Shading highlights the P3 time 

window of 250–500 ms post-stimulus onset. 
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P3 Amplitude. Analyses revealed a significant main effect of Condition, F(2,25)=10.5, 

p<.001, η2
p = .46, with both exercise conditions resulting in larger amplitudes compared 

to rest (see Figure 11). A Congruency main effect, F(1,26)=9.8, p<.01, η2
p = .27, revealed 

smaller amplitudes for congruent trials compared to incongruent trials. A significant 

Time main effect, F(2,25)=6.5, p<.01, η2
p = .34, showed reduced amplitudes over each 

time block (Figure 12), p<.01. Lastly, a Site main effect, F(2,25)=123.7, p<.001, η2
p = 

.31, revealed larger amplitudes displayed at Pz (8.68µV) and CPz (8.50µV) electrode 

sites compared to Cz (8.25µV). No significant interactions were observed for P3 

amplitude (Figure 13). 

 

DISCUSSION 

The aim of this study was to examine 

neurophysiological and behavioral 

correlates of cognitive control elicited by 

a modified flanker task while exercising at 

low (40% VO2 peak) and moderate 

intensity (60% VO2 peak) relative to a no-

exercise seated control condition. A 

secondary aim was to examine cognitive 

control processes at several time points 

during a 31 min bout of acute exercise to 

determine whether cognition is selectively 

influenced by the duration of exercise. 

Figure 12. Amplitudes for P3 and N2 ERP 

components averaged across 6.5 min trial blocks 

presented at 5, 15, and 25 min during exercise. 
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Behavioral findings revealed impaired response accuracy for the flanker task during 

exercise, regardless of intensity. However, this decrease in accuracy during exercise only 

occurred for the more challenging incongruent flanker trials. In terms of RT, participants 

responded faster during the 60% VO2 peak 

condition relative to the 40% VO2 peak and 

resting conditions, which did not differ 

from one another. There was a trend, 

however, supporting a beneficial dose 

response effect of exercise intensity on RT. 

Neurophysiological findings revealed 

significantly increased N2 amplitudes (i.e., 

more negative) during both exercise 

conditions, which were particularly 

observed in response to the incongruent 

flanker task condition (i.e., the task 

condition requiring greater amounts of 

cognitive control). Increased P3 amplitude 

was also found during both exercise 

conditions, particularly at centroparietal 

electrode sites, although notably the amplitude of the P3 decreased across time for both 

exercise and rest conditions. Together, these findings suggest divergent effects of 

exercise on behavioral task responses accompanied by an upregulation of cognitive 

control during a 31 min bout of aerobic exercise. 

Figure 13. Stimulus-locked grand average ERP 

waveforms at Fz, Cz, and Pz electrode sites by 

condition. 
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Table 3. Behavioral and ERP results by condition and time. 

	  

	   5-min	   15-min	   25-min	  
	  

Response Accuracy (%)	  
Congruent     	  
     Control	  
     40%	  
     60%	  
Incongruent	  
     Control	  
     40%	  
     60%	  
	  

	  

	  
	  

99.3 ± 0.2	  
98.9 ± 0.3	  
98.5 ± 0.6	  

	  
95.6 ± 1.0	  
92.7 ± 1.3	  
90.9 ± 1.7	  

	  

	  
	  

99.5 ± 0.2	  
99.2 ± 0.3	  
98.7 ± 0.4	  

	  
95.9 ± 0.6	  
92.8 ± 1.3	  
92.5 ± 1.6	  

	  

	  
	  

98.5 ± 0.6	  
98.6 ± 0.6	  
98.8 ± 0.3	  

	  
94.9 ± 1.0	  
93.2 ± 1.2	  
92.7 ± 1.2	  

Reaction Time (ms)     	  
Congruent     	  
     Control	  
     40%	  
     60%	  
Incongruent	  
     Control	  
     40%	  
     60%	  
	  

	  
	  

311.0 ± 11.9	  
313.2 ± 11.7	  
294.4 ± 12.0	  

	  
378.9 ± 13.1	  
373.3 ± 13.3	  
353.0 ± 13.5	  

	  
	  

308.3 ± 10.9	  
296.9 ± 13.1	  
284.2 ± 10.7	  

	  
373.4 ± 12.2	  
362.0 ± 14.6	  
342.5 ± 12.9	  

	  
	  

300.6 ± 11.1	  
285.1 ± 10.9	  
278.9 ± 11.1	  

	  
361.8 ± 12.4	  
340.2 ± 12.4	  
333.3 ± 12.5	  

N2 Amplitude (µV)	  
Congruent     	  
     Control	  
     40%	  
     60%	  
Incongruent	  
     Control	  
     40%	  
     60%	  
	  

	  
	  

-0.9 ± 0.3	  
-0.8 ± 0.7	  
-0.7 ± 0.5	  

	  
-2.2 ± 0.2	  
-3.5 ± 0.6	  
-4.3 ± 0.5	  

	  
	  

-1.1 ± 0.3	  
-1.9 ± 0.7	  
-1.6 ± 0.8	  

	  
-1.6 ± 0.2	  
-3.3 ± 0.7	  
-2.2 ± 1.2	  

	  
	  

-1.2 ± 0.4	  
-2.6 ± 0.6	  
-1.7 ± 0.7	  

	  
-1.5 ± 0.3	  
-3.1 ± 0.5	  
-1.8 ± 0.8	  

P3 Amplitude (µV)     	  
Congruent     	  
     Control	  
     40%	  
     60%	  
Incongruent	  
     Control	  
     40%	  
     60%	  

	  
	  

5.6 ± 0.6	  
9.8 ± 1.4	  
10.2 ± 1.7	  

	  
6.3 ± 0.5	  
11.4 ± 1.0	  
11.8 ± 1.3	  

	  
	  

5.4 ± 0.6	  
9.7 ± 1.6	  
9.3 ± 1.2	  

	  
5.8 ± 0.6	  
10.5 ± 1.1	  
10.4 ± 1.3	  

	  
	  

5.2 ± 0.5	  
8.9 ± 1.4	  
7.8 ± 0.8	  

	  
5.6 ± 0.6	  
10.0 ± 1.5	  
9.1 ± 1.0	  

 

As expected and replicating a large body of evidence (see 23 for a review), 

findings indicated impaired accuracy and longer reaction times for trials with high levels 
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of conflict (incongruent trials) relative to trials with low levels of conflict (congruent 

trials). Further, impaired response accuracy was observed for the flanker task during both 

exercise conditions, but this decrease in accuracy only occurred for the more challenging 

incongruent flanker trials. No such effect was observed for congruent trials, suggesting 

that task conditions that elicit a higher level of conflict and require greater amounts of 

cognitive control are more selectively influenced by acute exercise. Using a shorter bout 

of exercise performed at an intensity approximating the 40% VO2 peak condition in the 

current study, Pontifex and Hillman (124) similarly found disruptions in response 

accuracy only for the incongruent flanker task trials. Schmit et al. (128) had participants 

complete the flanker task while cycling at strenuous intensity until exhaustion and found 

a lower frequency of errors during rest than when exercising for the incongruent flanker 

trials but not for congruent trials. Yagi et al. (141) used moderate-to-vigorous intensity 

aerobic exercise (~65-75% HRmax) on a cycle ergometer to assess exercise-induced 

activation while performing a visual and auditory oddball task. Participants performed the 

oddball task during a 10 min rest period, a 10 min exercise bout, and a 10 min recovery 

period. Behavioral findings for the visual oddball task (auditory excluded) indicated 

similar reductions in response accuracy during exercise compared to rest or recovery, 

with nonsignificant increases in reaction time. Interestingly, others have shown no effect 

of moderate-to-vigorous intensity aerobic exercise on accuracy (e.g., 142). For instance, 

Davranche and McMorris (143) assessed behavioral performance measures during a 20 

min steady-state cycling exercise at ventilatory threshold, i.e., the point at which 

ventilation begins to increase nonlinearly with increases in work rate (144).During 

exercise, participants completed a Simon task, which required participants to respond to 
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task-relevant features of a stimulus (color) while inhibiting the task-irrelevant features 

(spatial location). Although accuracy was unaffected by exercise, the congruency effect 

in the Simon task (i.e., Simon effect) appeared more pronounced during exercise 

compared to rest, suggesting that response inhibition is deteriorated during exercise. 

Collectively, these findings suggest a differential effect of acute exercise on select 

aspects of cognitive functioning. In 2007, Pontifex and Hillman called for increased 

research aimed at examining the effects of acute exercise on a variety of tasks that engage 

different cognitive control and executive functions. This suggestion remains understudied 

and warrants investigation. 

In contrast to the findings on response accuracy, we observed a beneficial dose-

response effect of exercise intensity on RT. Specifically, the 60% VO2 peak condition 

resulted in faster response times relative to the 40% VO2 peak and control conditions, 

although a nonsignificant trend supported a dose-dependent effect of exercise intensity on 

RT. Moreover, although there was no significant influence of exercise duration on RT, 

there was a nonsignificant trend for faster RT across time during exercise. These 

observed improvements in RT were not accompanied by a reduction in accuracy (i.e., no 

speed-accuracy tradeoff). Others have reported that increased physiological arousal 

during exercise results in faster speed of processing (142) and the limited effect of 

exercise intensity on accuracy may be due to the failure to select cognitive tasks that are 

sensitive enough to detect exercise-induced changes in performance accuracy. For 

instance, several authors (145-147) have argued that complex tasks are more likely to be 

affected by exercise than more simple tasks, particularly when cognition is assessed 

during exercise. The argument that complex tasks are more susceptible to acute exercise 
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of varying intensities is based on the interaction between central executive tasks, brain 

structure and function, and the physiological stress of exercise. Central executive tasks 

require greater prefrontal activation relative to other cognitive tasks (148) and the 

prefrontal cortex is particularly sensitive to stress (149-151). According to the transient 

hypofrontality theory proposed by Dietrich (145, 152, 153), the initiation and 

maintenance of exercise results in the signaling and activation of a number of peripheral 

and central physiological systems in order to meet the neuromuscular, autonomic, and 

metabolic demands of exercise (154). Given a limited attentional resource capacity, the 

activation of these pathways is predicted to result in a down regulation of metabolic 

resources to brain regions and circuits that are not essential for exercise (e.g., prefrontal 

activity). In this study we used a modified Eriksen flanker task, a commonly used 

measure of frontally-mediated cognitive control that incorporates both simple (congruent) 

and complex (incongruent) task types, to detect the influence of exercise intensity and 

duration on neurocognitive function. Our data support the notion that more complex 

cognitive tasks are sensitive to the subtle influences of acute exercise on RT. The effects 

of exercise on behavioral responses assessed post-exercise have been studied extensively 

(119, 120); however, research examining the effects of exercise on in-task behavioral 

measures is further warranted to illuminate these divergent effects of acute exercise on 

accuracy and RT. The current findings suggest that although response processes are faster 

during exercise, accuracy may be compromised.  

In line with previous research (23, 25, 47), we observed a larger N2 amplitude for 

incongruent flanker trials relative to congruent trials. Given that the N2 is believed to be 

sensitive to the degree of conflict and the extent to which individuals attend to task-
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irrelevant information (flanking arrows) compared to task-relevant information (target-

stimulus; 24, 155, 156), our data adds to the extant literature suggesting a greater amount 

of cognitive control required to resolve the more difficult task condition. Exercise was 

also found to modulate N2 amplitude such that the 40% and 60% VO2 peak conditions 

resulted in larger N2 amplitudes, particularly for incongruent task trials. Our data conflict 

with the findings from Pontifex and Hillman (124), who found decreases in N2 amplitude 

across frontal, central, and parietal electrode sites during a 6.5 min bout of cycling 

exercise at 60% of maximal HR. More recently, Vogt et al. (132) found that a short 5 min 

bout of cycling exercise did not have a measurable impact on N2 amplitudes. 

Unfortunately very little information was provided in their study to determine exercise 

intensity and participants completed the mental arithmetic problems while cycling in a 

virtual reality environment. Thus, important study design features may account for the 

discrepant findings. In the current study, we assessed cognitive control processes during a 

31 min bout of steady-state exercise performed at 40% or 60% VO2 peak. Although 

exercise was found to increase N2 amplitude overall, there was no influence of exercise 

duration on this component amplitude. Our data suggests that relative to the behavioral 

findings of impaired accuracy and faster RT, participants recruited greater cognitive 

control during task performance while exercising compared to rest. Functional magnetic 

resonance imaging (fMRI) and ERP studies suggest a critical role of the anterior 

cingulate cortex (ACC) in the N2 component, such that the ACC signals for increased 

recruitment of cognitive control from lateral prefrontal cortex (PFC) regions during the 

detection and evaluation of conflicts (25, 46, 47, 49). When viewed in light of the 
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behavioral findings, these results suggest that greater ACC-mediated conflict monitoring 

is required during exercise, particularly during the more demanding task condition. 

Increased P3 amplitude was also observed across centroparietal electrode sites 

during exercise, suggesting an increase in the amount of attentional resources engaged 

during the dual-task performance (27). The increase in P3 amplitude during exercise 

supports the increase in N2, and suggests a greater upregulation of cognitive control and 

attentional resources necessary for successful task completion. Similar to our findings, 

Pontifex and Hillman (124) observed an increase in P3 amplitude over frontal and lateral 

electrode sites and interpreted this finding as a relative inefficiency of neuroelectric 

resources during exercise. Interestingly, and opposed to the current findings, Yagi and 

colleagues (141) showed reductions in P3 amplitude during exercise compared to rest and 

recovery periods. The authors suggest that their subjects treated exercise as a secondary 

task requiring the allocation of a limited resource (e.g., dual-task interference/distraction). 

However, it is important to note that half of the participants performed the rest, exercise, 

and recovery periods to the auditory oddball task first, immediately followed by the rest, 

exercise, and recovery periods to the visual oddball task. The other half completed the 

visual oddball task first. Potential residual effects of exercise may have influenced the 

second block of the procedure, thus washing out the initial period. Furthermore, data and 

results for standards (80% - Xs) and targets (20% - Os) were not discussed and exercise 

intensity was higher than the intensities used in the current study. Grego et al. (157) used 

a longer duration of moderate-intensity exercise (~66% VO2 max for 180 min) to study 

the effects of fatigue on cognitive function (P3) in trained cyclists during an auditory 

oddball task. During the 1st and 2nd time points (mins 3 and 36) there was no difference in 
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P3 amplitude between rest and exercise; however, an increase in P3 amplitude emerged 

during the 3rd time point (min 72), peaked at the 4th time point (min 108), and was 

attenuated at the 5th and 6th time points (mins 144 and 180). The later changes (5th and 6th 

time points) occurred concomitantly with changes in insulin, cortisol, epinephrine, and 

norepinephrine. There were also significant increases in perceived exertion near the end 

of the exercise bout. The authors suggested that the improvement in cognitive function 

during exercise, as indexed by the increase in P3 amplitude between 60 to 120 min, may 

be affected (i.e., reduced) through the combined effects of arousal and central fatigue 

mechanisms during prolonged exercise. Results from previous studies focusing on acute 

physical fatigue and cognitive performance have been inconsistent (158, 159). Although 

we did not assess fatigue or exertion levels in this study, it is possible that cognitive 

performance may be altered by the duration of exercise due to activation of physiological 

processes during the progression to steady-state exercise. It is also possible that 

cardiorespiratory fitness may moderate the influence of fatigue on cognition such that 

higher fit individuals are less impacted by physical fatigue. We did not find a moderating 

influence of fitness in the current study, but we did not select participants with a wide 

range of fitness levels (i.e., individuals with very low vs. high levels of fitness). Future 

research aimed at examining concurrent cognitive, affective, and exertional responses 

during exercise among individuals varying widely in levels of aerobic fitness is needed.   

In terms of theoretical support, the selective effect of exercise on cognitive task 

performance has been explained in terms of dual-task paradigms and the transient 

hypofrontality theory (152, 160, 161). Performing cognitive tasks while exercising may 

create a dual-task scenario whereby individuals’ attention may be divided in an attempt to 
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successfully accomplish the cognitive task while maintaining appropriate metabolic, 

cardiovascular, and neuromuscular responses for exercise. In this study, participants 

completed the cognitive tasks while engaging in steady-state exercise. Our results for 

response accuracy and increased neurophysiological responses during exercise 

corroborate previous findings suggesting an inefficiency in the ability to inhibit 

conflicting responses during exercise (124). Similar flanker paradigms used in previous 

studies with healthy young adults have resulted in high levels of performance for both 

congruent and incongruent flanker trials (162, 163), thus a finding of impaired accuracy 

during exercise is meaningful. In line with the transient hypofrontality theory (145, 152, 

153), it was initially hypothesized that response accuracy would be impaired during the 

exercise conditions due to reduced cortical resources for successful task completion. 

Although this theory has received some support in acute exercise contexts (123, 124), not 

all studies have found impaired executive functioning or cognitive control processing 

during exercise (128, 164). Although the accuracy and ERP data in our study provide 

support for this theory, the RT data do not. Clearly more work using both behavioral and 

neuroimaging techniques are warranted to test the tenets of this theory as it relates to 

acute exercise effects on prefrontally-mediated cognitive performance. 

 

Limitations 

There were several limitations in the current study. First, the design of our study may 

have led to adaptive and learning effects. Our behavioral and neuroelectric findings 

could, at least partially, be attributed to conflict adaptation over time or learning effects 

due to prolonged exposure to the flanker task. However, participants were 
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counterbalanced into each condition and were afforded a practice period prior to the 

initiation of each session. A second limitation relates to the impaired accuracy and ERP 

measures during exercise combined with the improved reaction time for the 60% VO2 

peak condition. Moreover, there was a nonsignificant trend for RT such that the 40% 

condition resulted in faster performance than the no-exercise control. These findings 

indicate the potential for a speed-accuracy tradeoff during moderate-intensity exercise, 

where accuracy is impaired (for incongruent trials only) yet reaction time is enhanced. 

Exercise increased response time efficiency during exercise but resulted in a more 

inefficient resolution of conflict, possibly due to increased physiological arousal. The 

speed-accuracy tradeoff in the present study conflicts with findings from McMorris and 

Hale (142) who concluded that speed of cognition is modified during exercise, while 

response accuracy remains relatively unaffected. More research is required to replicate 

our findings and further understand the nature of acute exercise and speed-accuracy 

tradeoffs at varying intensities. A third limitation is the restriction to low and moderate 

intensities of exercise only. Exercise intensities of 40% and 60% of VO2 peak, which 

were characterized as low and moderate respectively, were compared to a no-exercise 

seated control to address dose-response effects on neurocognitive performance during 

exercise. Wang et al. (125) used a control and three exercise intensities at 30% HRR, 

50% HRR, and 80% HRR, which represented low, moderate, and high intensities, 

respectively. They found impaired executive function performance on the WCST only for 

the high intensity condition. Due to the need for restricted movement for the EEG data 

collection in this study, the full range of exercise intensities were not studied. Future 

investigation with enhanced methodologies should include both light and vigorous 
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exercise intensities in addition to moderate intensities to more fully characterize the 

moderating influence of exercise intensity on cognition. 

 

Conclusions 

This study adds to the small body of literature that has examined changes in cognitive 

performance during steady-state exercise. The results further reinforce the complex 

relationship between acute exercise and neurocognitive performance. We observed 

impaired accuracy but faster response times during exercise, regardless of intensity. 

Neuroelectric measures indicated increased neurophysiological responses during exercise 

which were modulated by exercise intensity. There were no significant effects of exercise 

duration on behavioral or neurophysiological measures. In summary, these findings 

suggest divergent effects of exercise on behavioral performance measures accompanied 

by an upregulation of cognitive control during aerobic exercise. 
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INTRODUCTION 

Major depressive disorder (MDD) is one of the most common psychiatric 

disorders in the United States, affecting nearly 20% of individuals in their lifetime (165). 

Despite a vast array of available treatments, many patients fail to achieve and maintain 

remission while others are unable to continue treatment because of intolerable side effects 

(166). Given the heterogeneity of depression and variability in response to traditional 

therapies, a number of alternative or adjunctive treatments for MDD have received 

increasing attention. In particular, accumulating evidence demonstrates that exercise is an 

effective treatment intervention for reducing depressive symptoms (167-169), which is 

noteworthy because it can be self-administered, cost-effective, and result in additional 

health benefits (e.g., cardiovascular and musculoskeletal health, improved quality of life). 

The evidence for the mental health benefits of exercise, although impressive for 

otherwise healthy individuals, is even stronger for clinical and psychiatric populations. 

Indeed, RCTs indicate that aerobic exercise is as effective as antidepressants (e.g., 

sertraline) in reducing depression (3), as well as in improving coronary heart disease 

(CHD) risk factors and reducing relapse rates (2, 170). However, the precise mechanisms 
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underlying the antidepressant effects of exercise remain unknown and comparatively 

understudied. 

One proposed mechanism includes impaired neurocognitive function and/or 

cognitive deficits, which are frequently observed in MDD. For instance, depression has 

been linked to functional deficits in different areas of the prefrontal (PFC) and anterior 

cingulate cortices (ACC; 4, 171), regions implicated in attention, working memory, and 

cognitive control (172-174). In depressed individuals, deficits in structure and function of 

the PFC and ACC regions have been hypothesized to contribute specifically to sustained 

emotional and amygdalar processing (175, 176) and reductions in cognitive control 

processes that lead to an individual’s inability to disengage from unwanted thoughts (31). 

Since cognitive control is critical for healthy affective functioning, impairments in these 

processes may be critically related to the persistence of other symptoms in depression, 

such as emotion dysregulation and rumination (92, 177). Moreover, deficits in cognitive 

control processes may also play a role in increasing individual vulnerability for 

rumination, a particularly maladaptive emotion regulation strategy that has been linked to 

risk for depression and other forms of psychopathology (31). As treatment efforts 

continue to revolutionize, it is important to consider their influence on potential 

neurocognitive targets in MDD. 

Over 40 years ago, Aaron Beck (1) proposed a cognitive model of depression, an 

empirically based framework for identifying and understanding factors that sustain 

depressive episodes. As motivated by Beck’s cognitive model of depression and the 

National Institute of Mental Health (NIMH) Research Domain Criteria (RDoC) initiative 

for developing new ways of classifying mental health disorders based on behavioral 
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dimensions and neurobiological measures, there has been a recent increase in 

investigating risk factors and mechanisms, as well as identifying treatments that may 

specifically target neurocognitive impairments in MDD. Cognitive impairment is 

frequently observed in MDD and is a common residual symptom despite antidepressant 

treatment (178). For instance, in an examination of 428 responders (defined as a 50% or 

greater reduction in overall depressive symptoms, but failure to achieve symptomatic 

remission) from the Sequenced Treatment Alternatives to Relieve Depression (STAR*D) 

study, ~70% of patients reported difficulties in concentration and decision-making 

despite a positive clinical response to 12 weeks of citalopram treatment (179). 

Accordingly, current treatments should focus on reducing both symptoms and cognitive 

outcomes in MDD. Exercise may be a particularly important behavioral treatment for 

MDD, considering that a large body of empirical evidence supports the influence of 

exercise on neurocognitive function (16, 180). Despite the parallel lines of inquiry of 

exercise benefits for depression and cognitive function, few studies have specifically 

examined the efficacy of exercise in enhancing neurocognitive function in MDD.  

In one of the few studies to date that have examined the effects of exercise on 

cognition in MDD, Greer et al. (178) evaluated the effectiveness of exercise as an 

augmentation strategy for patients who had previously undergone SSRI treatment and 

reported persistent cognitive deficits. In a 12-week RCT, participants completed either a 

high (16 kcal per kilogram of body weight per week [KKW]) or lower (4KKW) dose of 

exercise (see TREAD trial; 181). Although both groups improved on measures of 

psychomotor speed, visuospatial memory, and executive function, only the high dose 

exercise condition yielded improvements in spatial working memory. This study is an 
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important first step towards examining exercise as a neurobehavioral treatment strategy 

for MDD, and future studies that examine the influence of exercise on established 

neurocognitive deficits in MDD are warranted.  

The majority of studies that have investigated the benefits of exercise on cognitive 

processes in MDD have relied heavily on the use of behavioral performance outcomes 

(e.g., response accuracy, reaction time) as outcome measures of neuropsychological or 

neurocognitive function. Although these measures have undoubtedly advanced our 

fundamental understanding of cognitive deficits experienced in MDD, these measures 

make it challenging to make conclusions about the subtle changes in neurocognitive 

processes that may occur since response accuracy and reaction time performance 

represent end-state processes. That is, measures of accuracy and reaction time represent 

the end product of a series of psychological events and cognitive processes, including the 

detection of an auditory or visual stimulus, recognition and comparison of the stimulus 

with information held in working memory, and the preparation for and execution of a 

manual response. Due to the relative difficulties in drawing conclusions based solely on 

behavioral measures, more precise neuroscientific techniques may be used to investigate 

covert cognitive processes that may change following a behavioral intervention. One such 

approach is through event-related potentials (ERPs). ERPs are voltage fluctuations in the 

ongoing electroencephalogram (EEG) that are time-locked to an event, such as the 

presentation of a visual stimulus or execution of a manual response (129). The ERP is 

comprised of numerous underlying components that are time-locked to specific stimuli or 

responses and represent specific aspects of information and cognitive processing. 

Specifically, the N2 component is a negative deflection in the stimulus-locked ERP with 
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a frontocentral scalp distribution peaking approximately 200-350 ms post-stimulus (19-

23). The anterior N2 is implicated in the detection of conflict, mismatch of stimuli from a 

mental template, and cognitive control during response inhibition (23-25). We previously 

found reduced N2 amplitude elicited by a flanker task in 33 individuals with MDD 

compared with 36 non-depressed, otherwise healthy controls. Level of self-reported 

rumination among this sample was also correlated with N2 amplitude. Accordingly, the 

N2 may serve as a potential target in the development of neurobehavioral interventions 

aimed at enhancing cognitive control deficits. 

Therefore, the primary aims of this study were twofold: the first was to determine 

the effects of an 8-week moderate-intensity aerobic exercise (AE) intervention on 

cognitive control and symptoms of depression and rumination in individuals with MDD. 

A secondary aim was exploratory to determine whether changes in depressive symptoms 

and rumination across an exercise intervention are mediated by changes in cognitive 

control. We hypothesized that participants assigned to the AE condition would display 

greater reductions in depressive symptoms and rumination from pre-to-post intervention 

relative to those assigned to a placebo exercise (PE) condition. Further, we hypothesized 

that these reductions would be mediated by cognitive control such that symptom 

reduction would be greatest for individuals demonstrating the greatest pre-to-post 

increases in cognitive control. 

 

METHODS 

Participants 



  

  

75 

Men and women with a diagnosis of nonpsychotic MDD confirmed by the Mini-

International Neuropsychiatric Interview (MINI; 77) were recruited from university 

counseling and psychiatric clinics, physician referrals, and advertisements around the 

university. Inclusion criteria included: (1) men and women aged 18–30 years; (2) 

confirmed MDD diagnosis by the MINI; (3) no current psychological or pharmacological 

treatments for depression beyond stable (>6 weeks at stable dose) selective serotonin 

reuptake inhibitor (SSRI) or mood stabilizer treatment; (4) no regular exercise program 

(defined as energy expenditure of <35 kcal/kg/day or <3 days/week for 20 min or less per 

session over the past month); (5) no physical limitations or contraindications to exercise; 

and (6) normal or corrected-to-normal vision. Exclusion criteria included: (1) severe 

psychopathology (e.g., bipolar spectrum disorders, schizophrenia spectrum disorders, and 

substance dependence disorders); (2) evidence of suicide risk as assessed by the 

suicidality module of the MINI; and/or (3) pregnancy or considering becoming pregnant 

in women. 

Recruited participants were scheduled for study entry and baseline assessments by 

trained clinical research staff. After determining initial eligibility, the study coordinator 

scheduled a secondary screening appointment for the informed consent process and 

baseline assessments where they completed a structured diagnostic interview, 

neurocognitive testing, and a maximal aerobic fitness assessment (VO2 peak). 

Participants who met all inclusion criteria and completed baseline testing were randomly 

assigned to 8 weeks of either an AE or PE condition. At the end of the 8-week 

intervention, participants were invited back to the laboratory to complete the same battery 
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of assessments, including clinical, neurocognitive, and fitness measures following the 

same protocol (see Figure 14 for study diagram). 

 

Table 4. Baseline characteristics (M ± SD) by Condition (AE, PE). 

Note. BMI = Body Mass Index; VO2 peak = peak aerobic fitness; PA = physical activity; 

BDI = Beck Depression Inventory; RRS = Ruminative Responses Scale; BAI = Beck 

Anxiety Inventory 

 

Fifty-two participants with a current diagnosis of MDD (40 female; age: 20.6 +/- 

1.9 years) who met the inclusion criteria were initially enrolled and randomized. Thirty-

four individuals initiated participation in their assigned intervention arm (~65% attrition 

Characteristic AE (n=30) PE (n=30) F p-value 

 

Age (years) 
 

21.0 ± 1.9 
 

21.2 ± 2.2 
 

0.07 
 

0.79 

Height (cm) 164.9 ± 11.5 161.1 ± 6.1 1.24 0.28 

Weight (kg) 63.6 ± 16.8 61.4 ± 8.9 0.20 0.66 

BMI (kg * m-2) 23.3 ± 5.0 23.7 ± 3.2 0.07 0.80 

VO2 peak (mL * kg-1 
* min-1) 36.5 ± 8.3 35.7 ± 5.6 0.77 0.77 

PA (MET min * week-1) 2372.7 ± 2387.2 2385.7 ± 2331.9 0.99 0.99 

Depressive Symptoms (BDI) 24.5 ± 11.5 24.3 ± 11.9 0.004 0.95 

Rumination – Total (RRS) 56.8 ± 11.6 58.6 ± 14.9 0.14 0.71 

     Depressive 32.7 ± 6.6 32.8 ± 7.6 0.001 0.98 

     Brooding 12.9 ± 3.3 14.1 ± 4.2 0.67 0.42 

     Reflection 11.1 ± 3.4 11.7 ± 4.5 0.17 0.69 

Anxiety (BAI) 12.9 ± 8.9 13.1 ± 8.6 0.007 0.93 
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rate) and 30 individuals completed the 8-week intervention with complete baseline and 

post-intervention data (~88% retention rate). No significant differences at baseline were 

observed for any demographic, behavioral, or cognitive outcome between those who 

finished the intervention and those who did not, ps > 0.05. Prior to participation in this 

study, all participants provided written informed consent that was approved by the 

Institutional Review Board at Rutgers, The State University of New Jersey.  

 

Figure 14. Study diagram. Subjects meeting inclusion criteria were randomly 
assigned to 8 weeks of either AE or PE.  
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Study Design and Randomization Procedures 

The design for this study was a small-scale randomized controlled trial (RCT) of aerobic 

exercise on depressive symptoms, maladaptive rumination, and cognitive control that was 

powered to detect changes in N2 amplitude rather than other randomized treatment 

comparisons. Using G*Power version 3.1.9.2 (182), hypothesis testing at a two-sided α = 

0.05 and at least 12 participants finishing each condition would provide power of 0.80 to 

detect an effect size of 0.30 (Cohen’s d = 0.56; see [26]). The study took place across 

three academic semesters from spring 2015 to spring 2016. Subjects were screened at the 

beginning of each semester, stratified based on current depressive symptoms, and 

randomly allocated in a 1:1 ratio into either AE or PE groups. Subjects were stratified 

according to BDI scores (Stratum A: BDI < 21; Stratum B: BDI ≥ 21) at the time of 

recruitment and randomly assigned to the treatment or control arms using a computer-

generated number list (183). Stratification methods were used to control for between-

subject variation in baseline depressive symptoms (184). 

 

Interventions 

For both treatment conditions, participants attended three 30-45 min sessions per week 

for 8-weeks. Depending on participant availability, most sessions occurred on non-

consecutive days. Trained laboratory staff monitored participants during all sessions at 

10-min intervals. Additionally, heart rate (HR) and ratings of perceived exertion (RPE) 

were recorded throughout each session and participants were encouraged to maintain the 

prescribed intensity. Adherence was also tracked and monitored across the duration of the 

study. 
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Aerobic Exercise (AE). AE consisted of 45 min of continuous steady-state exercise 

performed on a treadmill or cycle ergometer at a prescribed moderate-intensity 

corresponding to 40-65% of HR reserve (HRR), determined from HR recorded during the 

initial baseline fitness test. Participants were instructed and encouraged to maintain this 

intensity during all exercise sessions. This dose of exercise was selected based on 

increasing the likelihood of successful adherence and is consistent with public health 

recommendations (185, 186). A similar exercise regimen proved successful in a recent 

study of exercise as augmentation treatment for patients with MDD who had not 

successfully remitted with SSRI treatment (169).  

 

Placebo Exercise (PE). PE consisted of 30-45 min of low-intensity stretching targeting 

major muscle groups, similar to the stretching protocol administered by Knubben and 

colleagues (183). Light stretching exercises were performed while seated and standing, 

with each muscle group being stretched for 20 sec for 3 sets, with a rest period of 40 sec 

between stretches. Participants were instructed on how to properly perform each stretch 

by trained research staff prior to each session. The PE condition was used to minimize 

potential demand characteristics inherent to behavioral interventions in general, and 

exercise interventions in particular (187). Relative to a waitlist control comparison 

condition, this treatment arm increased the safety of our protocol by allowing us to track 

adherence and monitor for any adverse events throughout the study. 

 

General Medical History  



  

  

80 

A complete health and medical history was obtained using a self-reported medical history 

form designed to collect information about history and/or treatment of medical 

conditions, such as heart disease, high blood pressure, and diabetes. The form also 

assessed family history of disease, medical symptoms, past surgeries, tobacco/alcohol 

use, and prior and current medication use. Additionally, participants completed the 

Physical Activity Readiness Questionnaire (PAR-Q; 188) to ensure that it was safe to 

engage in the aerobic fitness assessment and subsequent exercise program.  

 

MDD Diagnosis 

The Mini Neuropsychiatric Diagnostic Interview (MINI; manic/hypomanic episodes, 

obsessive-compulsive disorder, substance and alcohol use disorders) was used to confirm 

clinical diagnosis of MDD. The MINI is a brief structured interview that has been used 

extensively to aid in making diagnoses of Diagnostic and Statistical Manual of Mental 

Disorders, Fourth and Fifth Editions (DSM-IV, V) and International Classification of 

Diseases-10 (ICD-10) psychiatric disorders. The reliability and validity of this instrument 

has been previously established (77, 82, 83). Important to the current study, it can be 

administered in a shorter period of time than other clinical interviews such as the SCID 

(Structured Clinical Interview for the DSM-IV; 77). All interviewers received supervised 

training in the use of the MINI and had previous experience in administering structured 

clinical interviews with psychiatric patients (see [26] for a similar protocol). 

 

Depressive Symptoms 
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The Beck Depression Inventory-II (BDI-II; 80), a 21-item, self-report inventory of the 

severity of current depressive symptoms, was used to assess severity of depressive 

symptoms. Higher total scores reflect greater subjectively perceived depressive 

symptomatology. The BDI-II in this sample demonstrated good internal consistency (21 

items; α = 0.91) at baseline. 

 

Ruminative Thought Patterns 

The Ruminative Responses Scale (RRS; 189) was used to assess maladaptive ruminative 

thought patterns at baseline and post-intervention. The RRS is a 22-item, self-report 

questionnaire describing thoughts and responses that are self-focused, symptom-focused, 

and focused on the potential consequences and causes of their depressed mood. The scale 

includes three subscales, including depressive, brooding, and reflective ruminations 

(190). The total RRS score ranges from 22 to 88, with the depression subscale ranging 

from 12 to 48 and the brooding and reflection subscales ranging from 5 to 20. In the 

present study, the RRS scale demonstrated appropriate internal consistency (22 items; α = 

0.90) at baseline. 

 

Cardiorespiratory Fitness and Physical Activity 

Cardiorespiratory fitness (VO2 peak) was assessed using a modified Bruce protocol on a 

motor-driven treadmill (191). VO2 peak reflects the maximum capacity of an individual 

to transport and utilize oxygen during exercise of progressively increasing intensity 

(achieving or approaching maximal effort) and has been shown to improve following 

similar exercise interventions in a clinically depressed population (169). During this test, 
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participants began walking on a treadmill while the speed and incline were gradually 

increased every 2 min until volitional exhaustion or VO2 peak criteria were met. A Polar 

heart rate (HR) monitor (Polar Electro, Finland) was used to monitor HR throughout the 

test. Participants’ ratings of perceived exertion (RPE; 192) were taken 1 min into each 

stage using the RPE scale, which ranges from 6 (minimal) to 20 (maximal) and correlates 

with HR during exercise (193). RPE measures perceived physical effort during exercise. 

Relative VO2 peak (mL*kg-1
* min-1) was determined using indirect calorimetry and was 

established as the maximal average oxygen consumption when at least three of the 

following four criteria were met: (1) a plateau in VO2 despite an increase in workload, (2) 

heart rate (HR) within 10 beats per min (bpm) of age-predicted maximum (220 bpm 

minus age in years), (3) respiratory exchange ratio (RER) greater than 1.10, or (4) RPE 

greater than or equal to 17. Oxygen consumption was measured through indirect 

calorimetry using a ParvoMedics True Max 2400 Metabolic Measurement Cart 

(ParvoMedics, Inc., Sandy, UT) and averaged over 15 sec intervals. Following 

completion of the test, a 3-5 min cool-down was performed at 2.5 mph and 0% grade to 

ensure participants returned to near baseline cardiovascular values. HR was recorded 

during the fitness assessment and later used to define individual training zones during the 

intervention. Fitness was re-assessed upon completion of the 8-week intervention using 

the same procedures.  

In addition to aerobic fitness, physical activity levels were assessed using the 

International Physical Activity Questionnaire (IPAQ; 194). The IPAQ is the most 

commonly used subjective measure of PA (195) and was used to evaluate changes in PA 
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levels across the intervention. PA level is represented as MET mins/week, an index that 

reflects the metabolic cost of PA. 

 

Cognitive control task 

A modified flanker task (84) was presented using E-Prime Professional, version 2.0 

software (Psychology Software Tools, Inc., Pittsburgh, PA). Participants were presented 

with five arrows aligned horizontally on the center of the screen and instructed to press a 

button as quickly and accurately as possible depending on the direction of the centrally 

located target arrow. The flanker task was composed of congruent trials, with arrows 

pointing in the same direction (e.g., <<<<<), and incongruent trials, where the target 

arrow is flanked by arrows pointing in the opposing direction (e.g., <<><<). Trials began 

with a white fixation cross (+) in the center of a black screen for 500 ms, followed by 1.5 

cm tall x 8 cm long white arrows centered focally on a black background for 100 ms with 

a response window of 1500 ms. A random inter-stimulus time interval of 900, 1100, or 

1300 ms was used between each visual fixation cross and the stimulus in order to 

minimize anticipatory responses. Following verbal and on-screen instructions, 

participants completed 20 practice trials where performance feedback was provided and 

any remaining questions were resolved to ensure sufficient familiarization and 

understanding of the task. After the practice session, participants completed two blocks of 

120 equiprobable, randomly selected congruent and incongruent trials with a 2 min rest 

period between blocks. The stimuli were presented on a monitor at an average distance of 

70 cm centered to the nasion, with the vertical and horizontal visual angles measuring 

1.2° and 6.6°, respectively. Behavioral performance measures of response accuracy (% 
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correct) and reaction time (ms) were derived from this task. In addition to behavioral 

measures, EEG data were simultaneously collected to derive N2 ERP amplitudes. 

 

Event-Related Potentials 

Continuous EEG activity was recorded from 32 scalp sites using a BrainVision actiCap 

with active electrodes (Brain Products GmbH; Munich, Germany) arranged in accordance 

with an extended international 10-20 system (196) and an Electrical Geodesics, Inc. 

(EGI; Eugene, OR, USA) amplifier system (20 K nominal gain, bandpass = .1-100 Hz). 

Electrooculogram (EOG) activity was recorded from electrodes placed above and below 

(VEOG), and to the side (HEOG) of each eye. Continuous data were visualized in 

NetStation 4.0, initially referenced to the vertex electrode (Cz), and digitized 

continuously at 500 Hz with a 24-bit analog-to-digital converter. Impedances were 

maintained below 10 kΩ throughout the duration of the experiment.  

Data were exported from NetStation 4.0 to the ERP PCA toolkit (197) and 

bandpass filtered with a low-pass frequency of 30 Hz and high-pass frequency of 0.1 Hz. 

Data were then adjusted for DC offset and manually inspected for periods with large 

movement-related artifacts (e.g., eye-blinks, eye movement, and muscle activity), which 

were subsequently removed. Stimulus-locked epochs were then created using a 100 ms 

pre-stimulus to 1,000 ms post-stimulus period. Remaining eye blinks were removed from 

epoched data using ICA blink templates in the ERP PCA Toolkit, with one generated 

from the current dataset of all subjects and one provided by the author. ICA components 

that correlated at 0.9 with scalp topographies of either blink template were removed. 

Trials with a difference of 100 µV between minimum and maximum values in that trial or 
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channels differing in the epoch by more than 30 µV from the neighboring 6 closest 

channels were marked bad. Trials with >10% of channels marked as bad were also 

removed. Remaining bad channels were corrected through interpolation obtained from 

“good” channels of the scalp voltage field within each segment. Lastly, epochs were re-

referenced to the left and right mastoids (90, 91), averaged by flanker trial type, and 

baseline corrected using the 100 ms pre-stimulus period. Correct trials were averaged to 

determine N2 ERP amplitudes.  

 Consistent with previous ERP research (23, 74, 198-200) and due to the scalp 

distribution reflecting the component of interest, amplitude measures of both grand 

averaged ERP and temporal-spatial factors (TFSFs) were assessed at frontocentral (Fz, 

FCz, and Cz) electrode sites for the N2 component. A mean amplitude approach with an 

a priori time window for the N2 grand averaged ERP was used to reduce selection bias 

(18) and defined as the mean amplitude within a 200-350 ms window post-stimulus onset 

(21-23). Individual mean amplitudes at each electrode site pre- and post-intervention 

were calculated and exported for analyses.  

ERP PCA Toolkit was used to extract ERP components through temporospatial 

Principal Components Analysis (PCA; 197, 201). PCA took place on all subject trial 

averages in two steps: (1) temporal PCA with Promax rotation on all time points from 

single subject averages as variables, with subjects and electrodes as observations and (2) 

spatial PCA with Infomax rotation on electrode sites as variables, with subjects and 

temporal factors as observations. Scree plots employing the parallel test were used to 

determine the number of factors prior to each step (202). PCA was conducted separately 

for pre- and post-intervention files to avoid assuming equal scalp locations and 
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component latencies, thus variable TFSFs were produced. Step (1) produced 12 temporal 

factors (TFs) pre-intervention and 15 TFs post-intervention, while step (2) produced 4 

spatial factors (SFs) pre-intervention and 4 SFs post-intervention. The scalp distribution 

and timing of the N2 component was most closely represented by TF9SF1 pre-

intervention and TF7FS1 post-intervention (Figure 17). Based on visual inspection of 

TFSFs, individual mean amplitudes within a 260-450 time window post-stimulus onset 

were calculated for each electrode site pre- and post-intervention and exported for 

analyses. 

 

Data Analysis 

Descriptive statistics were first performed on participant demographic, clinical, 

neurocognitive, and fitness data. Group differences in baseline measures and symptom 

scores were evaluated by separate independent samples t tests or Chi-square tests for 

categorical data. All cognitive outcomes were assessed for normality prior to conducting 

analyses. Separate repeated measures analyses of variance (RM ANOVA) were 

conducted with Condition (AE, PE) as the between subjects variable and Time (Pre, Post) 

as the within subjects variable to test the effects on depressive symptoms, rumination, 

and aerobic fitness. For behavioral measures of response accuracy and reaction time, 3-

way RM ANOVAs were conducted with Condition as a between subjects variable while 

Time and Congruency (Congruent, Incongruent) served as within subjects variables. For 

N2 grand average and TFSF amplitudes, separate four way RM ANOVAs were 

conducted with Condition as a between-subjects variable while Time, Congruency, and 

Site (Fz, FCz, Cz) served as within subjects variables. Trials with accuracy, reaction 
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times, or amplitudes beyond the individual mean ± 3 SD for each trial type were excluded 

to reduce the effect of outliers. The anterior N2 is most robust and frequently examined at 

frontocentral midline electrode sites (23, 138); thus, statistical analyses were performed 

using Fz, FCz, and Cz electrodes. Planned comparisons were conducted using Bonferroni 

corrected t tests. The family-wise alpha level for all tests was set at p = 0.05 prior to 

Bonferroni correction and probability values were adjusted when appropriate with the 

Greenhouse-Geisser epsilon correction for non-sphericity (203). Previous research 

indicates that comorbid anxiety-related disorders and psychotropic medications may 

influence neural activation patterns and psychomotor speed (95, 96, 204), thus we 

reanalyzed outcomes while excluding those participants with comorbid diagnoses or 

current psychotropic medication use. Partial eta squared (η2
p) values were reported to 

demonstrate the magnitude of effect sizes (ES) following ANOVAs, with 0.01–0.059 

representing a small effect, 0.06–0.139 a medium effect, and >0.14 a large effect (98). ES 

for any pairwise comparisons were presented using Hedges’ g statistic (99). A critical 

alpha level of p < 0.05 was adopted for all significance tests. 

Lastly, bivariate correlations were conducted to examine the relationship between 

change scores in N2 amplitudes, depressive symptoms, and rumination. Exploratory 

mediation analyses were also conducted to further explore these relationships. The 

mediation model postulated that the exercise intervention would predict the mediating 

variable, i.e. change in N2 amplitude, which in turn would predict lower depressive 

symptom scores at post-intervention (205). Separate mediation analyses were conducted 

using PROCESS software for SPSS (v2.15; 206) to determine whether changes in N2 

grand average amplitude or N2 TFSF amplitude mediated the relationship between 
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treatment condition and reductions in post-intervention depressive symptoms. For both 

analyses, regression was conducted for path a (predictor → mediator), path b (mediator 

→ outcome), path c (predictor → outcome), and path c’ (true indirect effect). To 

determine the significance of the mediation (true indirect effect), bootstrapped 95% 

confidence intervals were constructed based on 5000 bootstrapped resamples (206). 

Statistical significance of the mediation was achieved if the estimated 95% confidence 

interval for the indirect effect (paths c-c’) did not overlap with zero. 

 

RESULTS 

No significant between group differences were found for any of the demographic, 

clinical, neurocognitive, or fitness measures at baseline (ps > 0.28; see Table 4). In line 

with higher rates of MDD among women (207, 208), more females than males were 

eligible for inclusion in this study (24 females, 6 males). Preliminary analyses revealed 

no significant gender differences in depressive symptoms, rumination, or baseline 

neurocognitive measures; however, as expected, males had higher VO2 peak values than 

females (42.2 ± 4.2 mL*kg-1* min-1 vs. 34.6 ± 6.7 mL*kg-1* min-1). Data were therefore 

collapsed across gender for all subsequent analyses. As expected, our manipulation check 

of intensity found significant differences by Condition, such that the AE group displayed 

higher average HR (147.8 bpm) and RPE (12.6) values compared to PE (HR = 86.1 bpm, 

RPE = 8.1). 

 

Depressive symptoms and rumination 
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The two way RM ANOVA on depressive symptoms (BDI-II score) revealed a significant 

main effect of Time, F(1,28) = 22.1, p < 0.001, η2
p = 0.44, which was superseded by a 

significant Time x Condition interaction, F(1,28) = 4.54, p = 0.04, η2
p = 0.14. Follow-up 

Bonferroni corrected t tests of the Time x Condition interaction revealed greater pre-to-

post reductions in depressive symptoms for the AE (ES = 0.569; 58% decrease) relative 

to PE group (ES = 0.243; 22% decrease), see Figure 15. For rumination (RRS score), 

there was a significant Time main effect, F(1,28) = 6.85, p = 0.014, η2
p = 0.20, indicating 

an overall decrease in rumination following both interventions (12.6% reduction). The 

depressive and brooding subscales of the RRS showed similar Time main effects, ps < 

0.01, whereas no pre-to-post effects were found for the reflection subscale, p = 0.53. 

Although the AE group displayed a 19% reduction (ES = 0.333) in total rumination 

compared to a 6% reduction (ES = 0.064) in the PE group, the Time x Condition 

interaction failed to reach significance, F(1,28) = 1.68, p = 0.21, η2
p = 0.06. 

 

Figure 15. Change in depressive symptoms (A.) and rumination levels (B.) for AE and PE. The AE 

group displayed a significantly larger change in depressive symptoms compared to the PE group. 
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Cardiorespiratory Fitness (VO2 peak) and Physical Activity 

No significant Time main effect, F(1,28) = 1.96, p = 0.17, η2
p = 0.07, or Time x 

Condition interaction, F(1,28) = 1.42, p = 0.24, η2
p = 0.05, was found for VO2 peak, 

indicating no significant changes in aerobic fitness following either intervention group. 

These results also indicate the AE group (E= 0.195; +5.7%) did not significantly increase 

their aerobic fitness compared to the PE group (ES = 0.002, +0.5%). However, analysis 

of self-reported PA levels (IPAQ) revealed a significant Time x Condition interaction, 

F(1,28) = 4.34, p = 0.046, η2
p = 0.13, such that individuals in the AE group reported a 

large increase in PA (ES = 0.345; +2,807.5 MET min/week) relative to reduction in PA 

in the PE group (ES = 0.00;-68.76 MET min/week). No other significant main effects or 

interactions were found. 

 

Flanker accuracy and RT 

For response accuracy, there was a significant main effect of Congruency, F(1,28) = 4.50, 

p = 0.043, η2
p = 0.14, indicating better performance for congruent (93.3%) relative to 

incongruent (89.9%) flanker trials. A Time x Condition interaction approached 

significance, F(1,28) = 3.13, p = 0.088, η2
p = 0.10, with a 1.4% increase in the AE group 

relative to a 2.0% decrease in the PE group. No further main effects or interactions were 

found, ps > 0.05. Similar to response accuracy, the analysis for RT revealed a significant 

main effect of Congruency, F(1,28) = 37.18, p < 0.001, η2
p = 0.57, indicating increased 

response latency for incongruent (694.4 ms) relative to congruent (576.5 ms) trials. This 

analysis also revealed significant Time x Congruency, F(1,28) = 4.33, p = 0.047, η2
p = 

0.13, and Time x Condition, F(1,28) = 4.34, p = 0.047, η2
p = 0.13, interactions. Post hoc 



  

  

91 

Bonferroni corrected t tests of the Time x Congruency interaction revealed significant 

reductions in the RT congruency effect (incongruent RT – congruent RT) from pre-post 

intervention (Pre: 145.97 ms, Post: 89.73 ms). This effect was driven by a 57.97 ms 

reduction for incongruent trials compared to a 1.73 ms reduction for congruent trials. 

Decomposition of the Time x Condition interaction revealed a significant 73.45 ms 

reduction in RT for the AE group relative to a 13.76 ms increase in the PE group (Figure 

16). No other significant main effects or interactions were found, ps > 0.05. 

 

 

N2 amplitude 

The mixed model two-way ANOVA for the grand averaged N2 amplitude revealed 

significant Congruency, F(1,28) = 3.97, p = 0.05, η2
p = 0.12, and Site main effects, 

F(2,27) = 15.39, p < 0.001, η2
p = 0.53. Follow-up Bonferroni corrected t tests for 

Figure 16. Pre-to-post response accuracy (A.) and reaction time (B.) scores for congruent and 

incongruent trials of the flanker task. The AE group displayed significantly faster reaction times 

compared to the PE group following the 8-week intervention. 
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congruency revealed more negative N2 amplitudes for incongruent (4.20 µV) compared 

to congruent task trials (4.75 µV). Follow-up tests of the Site main effect revealed more 

negative amplitudes from frontal to central electrode sites (Fz: 3.72 µV; FCz: 4.48 µV; 

Cz: 5.22 µV). No additional significant main effects or interactions were observed, ps > 

0.05 (Figure 18). 

 

For the N2 TFSF, the RM ANOVA revealed significant Congruency, F(1,28) = 

11.48, p = 0.002, η2
p = 0.29, and Site main effects, F(2,27) = 11.70, p < 0.001, η2

p = 0.46. 

Follow-up t tests of the Congruency main effect found more negative amplitudes for 

incongruent (-0.84 µV) relative to congruent (-0.50 µV) task trials. The follow-up t tests 

Figure 17. Stimulus-locked grand average ERP waveforms for the N2 component (A.) and N2 TFSF 

(B.) across frontocentral electrode sites (Fz, FCz, Cz) for AE (top panels) and SE (bottom panels). N2 

TFSF amplitude increased for incongruent trials following 8 weeks of AE relative to PE. 
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of the Site main effect showed more negative N2 amplitudes at frontal relative to central 

electrode sites (Fz: -0.73 µV; FCz: -0.67 µV; Cz: -0.64 µV). These main effects were 

superseded by a significant Time x Congruency x Condition interaction, F(1,28) = 4.21, p 

= 0.05, η2
p = 0.13. Decomposition of the three-way interaction revealed significant 

increases in the congruency effect (incongruent N2 amplitude – congruent N2 amplitude) 

for the AE group (0.679 µV) compared to the PE group (0.005 µV). A 0.677 µV increase 

in N2 amplitude on incongruent trials in the AE group was found compared to a 0.008 

µV increase in the PE group (see Table 5). No further significant main effects or 

interactions were observed, ps > 0.05. 

 

Correlation and Mediation Analyses 

Bivariate correlations were conducted between change scores in N2 grand average and 

N2 TFSF amplitudes and change scores in depressive symptoms and rumination to assess 

Figure 18. Change in N2 grand average inhibition (A.) and N2 TFSF (B.) amplitudes for AE and PE. 

N2 TFSF inhibition amplitude increased following 8 weeks of AE relative to PE. 
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whether change in depressive symptoms and ruminative thought patterns were related to 

change in N2 amplitude. Change in depressive symptoms, r(28) = 0.51, p = 0.004, and  

rumination, r(28) = 0.58, p = 0.001, were significantly correlated with change in N2 

TFSF amplitude; however, these relationships were not significantly correlated with 

grand average N2 amplitude, ps > 0.05. Additionally, condition (AE and PE) was 

significantly associated with change in depressive symptoms, r(28) = 0.36, p = 0.05, and 

change in N2 TFSF amplitude, r(28) = 0.37, p = 0.04, suggesting the possibility of 

mediation.  

 

Table 5. Mean (95% CI) values for behavioral performance and neurocognitive measures  

pre- and post-intervention. 

Note. % = percentage; ms = milliseconds; µV = microvolts 

  

AE (n = 30) 
 

  

PE (n = 30) 

  
Pre 
 

  
Post 

  
Pre 

  
Post 

 
Behavioral Performance 
 

       

Response Accuracy (%)        
     Congruent 
 

93.3 ± 4.4  94.6 ± 5.4  92.8 ± 7.2  92.5 ± 6.8 

     Incongruent 
 

89.4 ± 15.5  90.9 ± 11.8  91.6 ± 8.2  87.8 ± 13.5 

Reaction Time (ms)        
     Congruent 
 

598.5 ± 124.0  554.5 ± 141.2  556.4 ± 138.1  596.9 ± 248.2 

     Incongruent 
 

752.1 ± 219.9  649.2 ± 177.1  694.6 ± 277.8  681.7 ± 324.6 
 
N2 Amplitude (µV) 
 

       

Grand Average        
     Congruent 
 

5.01 ± 3.49  4.07 ± 3.42  5.05 ± 3.49  4.88 ± 3.43 

     Incongruent 
 

4.80 ± 3.52  2.66 ± 3.83  4.82 ± 3.52  4.51 ± 3.83 

TFSF        
     Congruent 
 

-0.50 ± 1.06  -0.50 ± 0.89  -0.51 ± 1.06  -0.50 ± 0.89 

     Incongruent 
 

-0.67 ± 1.06  -1.35 ± 1.28  -0.67 ± 1.06  -0.66 ± 1.28 
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The exploratory mediation analysis using changes in N2 TFSF amplitudes from 

pre-post intervention are reported along with unstandardized regression coefficients, 

standard errors of the mean, and 95% confidence intervals in Table 6. For the mediation 

model using changes in N2 TFSF amplitude as the mediating variable, paths a, b, and c 

reached significance. Furthermore, when changes in N2 TFSF amplitudes were 

controlled, treatment condition had no effect on changes in depressive symptoms (path 

c’). Finally, the true indirect effect for the model (c – c’) was nonsignificant after using 

5000 bootstrapped bias-corrected resamples of the data [95% CI: -0.85, 12.19], 

suggesting that changes in N2 TFSF amplitude did not account for the relationship 

between the condition and changes in depressive symptoms, although paths a, b, and c 

were all significant. Thus, the exploratory mediation analysis was nonsignificant. 

 

Table 6. Mediation of change in N2 TFSF amplitude on change in depressive symptoms. 

  

95% CI 
 

Path/effect 
 

b 
 

SE 
 

LL 
 

UL 
 

Mediation model:  

C à N2 TFSF à BDI 

 

 

a (C à N2 TFSF) 
 

-0.68 
 

0.33 
 

-1.37 
 

-0.01* 

b (N2 TFSF à BDI) 5.44 2.18 0.96 9.91* 

c (C à BDI) -8.93 4.19 -17.53 -0.34* 

c’  -5.21 4.13 -13.69 3.26 

c – c’ -3.72 3.23 -12.02 0.91 
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Note. b = unstandardized regression coefficient; SE = standard error of the mean; 95% CI 

= 95% confidence interval; LL = lower limit; UL = upper limit; C = treatment condition; 

N2 TFSF= changes in N2 TFSF amplitude; BDI = changes in depressive symptoms 

*Zero is not in the 95% confidence interval. 

 

DISCUSSION 

The aim of this study was to determine the effects of an 8-week moderate-intensity 

aerobic exercise intervention on cognitive control, symptoms of depression, and 

ruminative thought patterns in individuals with MDD. A secondary aim was to determine 

whether changes in depressive symptoms and rumination following the AE intervention 

were mediated by changes in cognitive control. We found significant reductions in 

depressive symptoms following 8 weeks of AE compared to PE. Reductions in 

ruminative thought patterns were observed after the intervention, with no significant 

differences observed between the two groups.  For cognitive control, although there were 

no changes found for response accuracy on the flanker task, there was a significant pre-

to-post reduction in RT for the AE group, primarily driven by faster response times to 

incongruent trials. A significant increase (i.e., more negative) in N2 amplitude to 

incongruent trials was also found following 8 weeks of AE, suggesting an increase in 

conflict monitoring processes. However, this increase in cognitive control was not shown 

to significantly mediate change in symptom outcomes. Taken together, these findings 

suggest that 8 weeks of AE results in decreased symptoms of depression and 

improvements in conflict monitoring processes in individuals with MDD.  
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In line with a large number of systematic reviews and meta-analyses indicating 

that exercise has similar effects as antidepressant medication and psychotherapy (167, 

186, 209, 210), we found a significant and clinically meaningful reduction in depressive 

symptoms after 8 weeks of moderate-intensity AE. This amounted to a 58% (i.e., 14.3 pt) 

reduction in the AE group relative to a 22% (i.e., 5.4 pt) reduction in the PE condition. 

The AE intervention resulted in a reduction that meets the minimal clinically important 

difference (MCID) for the BDI-II (i.e., 17.5%; 211). While the 22% reduction in 

depressive symptoms also meets the MCID for the BDI, the duration that individuals 

were coping with depression was not assessed in this study. It is suggested that a MCID 

reduction of 32% is required for individuals dealing with depression for longer periods of 

time and who fail to respond to antidepressants. Understanding the difference in 

clinically meaningful treatment effects will further allows us to make informed decisions 

about the timing of treatment benefits and may aid in the development of patient-centered 

treatments that include AE. These findings are comparable with several other controlled 

studies. For instance, in a multicenter trial involving 2322 stable patients treated for heart 

failure, Blumenthal and colleagues (212) randomized patients to either supervised AE for 

3 months followed by home-based AE for 9 months (12 months total) or to an education 

and care-as-usual (CAU) condition. After 3 months of supervised exercise, patients in the 

AE group experienced a 1.75-point reduction in BDI-II scores compared to a 0.98-point 

reduction for the CAU control group. This effect was even larger within a subset of 

patients displaying clinically significant depressive symptoms (BDI-II score ≥ 14). 

Reductions in depressive symptoms were also maintained in the AE group in months 4 

through 12, with a 2.2 reduction from baseline compared to a 1.3 points reduction in the 
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CAU condition. While the difference between the AE and CAU groups is small, the 

authors were unclear if this difference carried any clinical significance. Additionally, it 

was noted that the difference in BDI scores between AE and CAU for subjects reporting 

higher levels of depression was comparable with numerous placebo-control trials. More 

recently, Hallgren et al. (213) randomized 946 patients diagnosed with mild to moderate 

depression to one of three 12-week interventions: exercise, internet-based cognitive–

behavioral therapy (ICBT), or a treatment as usual (TAU) condition. All three 

interventions resulted in improvements in depressive symptoms at follow-up; however, 

the mean reduction in severity of depressive symptoms as measured by the Montgomery–

Äsberg Depression Rating Scale (MADRS) were significantly larger in the exercise and 

ICBT groups compared with TAU. Our study adds to these trials to support the efficacy 

of AE for reducing symptoms of depression among young adults with MDD.  

Currently, there is much debate regarding the most appropriate comparison group 

in exercise and mental health trials. In this study, we chose to implement a PE condition 

that consisted of light-intensity stretching and flexibility exercises performed for a similar 

duration as the AE group to control for demand characteristics, such as attention and 

expectancy effects, and to avoid ethical concerns related to depriving individuals with 

MDD from active monitoring of their depression levels and safety. Participants assigned 

to the PE intervention did not show the same changes in depressive symptomatology or 

cognitive control relative to those in the AE condition, which is important in ruling out a 

placebo effect and a variety of behavioral artifacts that are often uncontrolled in exercise 

intervention studies (214). However, it should be noted that early studies by Egil 

Martinsen (215) indicate similar reductions in depressive symptoms following 8 weeks of 



  

  

99 

aerobic exercise compared to a nonaerobic (i.e., stretching) comparison condition in 

ninety-nine inpatients who met criteria for MDD. Subjects in this study were randomly 

assigned and performed one hour of training three days per week. Despite a significant 

increase in aerobic capacity for the aerobic exercise group, both conditions displayed 

reductions in depressive symptoms. Interestingly, the change in fitness showed little 

correlation with change in depressive symptoms, suggesting the antidepressive effects of 

associated with exercise may be independent of changes in cardiorespiratory fitness. The 

22% reduction in BDI-II scores in our study complement these early findings by 

Martinsen and suggest that low-intensity exercise programs may result in a slight 

improvement in depressive symptoms, although whether this constitutes a lasting and 

clinically meaningful reduction remains unknown. 

In addition to the mode of exercise and optimal comparison groups, additional 

considerations must be considered when prescribing exercise for depressive symptoms. 

For the DOSE trial, Dunn et al. (185) randomized individuals with MDD to one of five 

doses of exercise: low dose (LD; 7.0 kcal/kg/week) at 3 days/week and 5 days/week, 

public health dose (PHD; 17.5 kcal/kg/week) at 3 days/week and 5 days/week, or 

exercise placebo control group (stretching and flexibility) at 3 days/week. Following 12 

weeks, the reduction in the 17-item Hamilton Rating Scale for Depression (HRSD) was 

significant for the PHD and LD performed for 3 or 5 days/week, and the exercise placebo 

control groups. However, the PHD condition was found to be significantly more effective 

than the LD and control conditions in reducing weekly HRSD scores, with the LD 

showing no difference from the control condition. Additionally, the 3 days/week and 5 

days/week conditions were not significantly different from one another. They suggested 
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that the prescription of aerobic exercise needs to be consistent with public health 

recommendations (i.e., 17.5-kcal/kg/week dose) in order to be efficacious in treating 

depression. In the current study, we chose a minimum dose of exercise that has been 

shown to result in reductions in depression but that would also result in optimizing 

behavioral adherence (186). Future studies are warranted to further explore dose-

dependent effects of exercise on depression and how the relation impacts upon 

neurobiological mechanisms and individual response variation. 

With respect to mechanisms, there are many potential candidates. Recently, 

prefrontal-dependent cognitive control has been proposed as a neurobiological 

underpinning of symptomatology in MDD (216). Specifically, a systematic review of 59 

functional neuroimaging studies demonstrated that under-engagement of cognitive 

control is associated with indecisiveness, negative automatic thoughts, poor 

concentration, and distorted cognitive processing. In the current study, we used the ERP 

technique to examine a direct measure of neural transmission related to cognitive control. 

We found that N2 amplitude can be modified through 8 weeks of moderate-intensity 

aerobic exercise, especially for trials requiring the greatest levels of conflict monitoring 

(i.e., incongruent trials). However, this was only observed when analyzing the N2 TFSF 

data, which suggests that common analyses of ERPs (e.g., peak, adaptive, and mean 

amplitude) may be less sensitive at revealing small changes that occur following 

behavioral interventions. Techniques like PCA and independent component analysis were 

developed to help identify the constituent components of the ERP, provide dependent 

measures of these components, and help improve the localization of ERP sources (197). 

Together, these methods may prove to be especially useful for populations where data 
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may be especially contaminated with artifact or for populations displaying 

neuropsychological dysfunction. 

Studies examining the influence of exercise on cognitive function have been 

mixed. Hoffman et al. (217) did not find benefits of either supervised or home-based 

exercise compared to placebo following 4-months of treatment in depressed patients, 

although exercise was superior to the selective serotonin reuptake inhibitor (SSRI), 

sertraline, on tests of executive function. In persons with major depressive disorder who 

reported cognitive impairment and had only a partial response to their initial SSRI 

treatment, high dose exercise yielded improvements in spatial working memory, and both 

doses improved certain aspects of cognitive function across several domains. Both doses 

showed similar reductions in symptom severity with both clinician-rated and self-report 

symptom severity measures; however, changes in cognitive performance were not 

correlated with changes in depressive symptom severity, suggesting they were 

independent of improvements in mood. This is consistent with several recent reports that 

have found cognitive improvements in depressed patients that are independent of 

reductions in symptom severity (218-220). These findings support that the impact of 

depression on cognition does not fully correspond to depressive symptomatology and 

suggest that targeted treatments, such as exercise, are needed for cognitive impairments 

observed with depression. 

The findings presented herein suggest that AE may be viewed as an effective 

“neurobehavioral therapy” in that it may impact biological mechanisms believed to 

underlie psychological disorders, in the same sense that pharmacological and surgical 

treatments address such mechanisms. Yet, they use behavioral methods to do so. 
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Neurobehavioral therapies are readily evaluated on dimensions rather than symptoms. 

The efficacy of these trials is dependent on whether a change in a specifically targeted 

aspect of brain function is achieved, thus they may better serve to explain the underlying 

mechanisms. Many have started to use forms of neurobehavioral therapy for treating 

clinical populations, including those with depression. For example, Calkins and 

colleagues (221) implemented a 2-week computer based Cognitive Control Training 

(CCT) program with the aim of strengthening cognitive and emotional function. 

Previously, it was found that CCT reduced negative affect and rumination, as well as 

improved concentration in individuals with MDD (13). Forty-eight subjects reporting 

high levels of depressive symptoms (indexed by the BDI-II) were randomized to CCT or 

a comparison condition (Peripheral Vision Training; PVT). Larger effect sizes favoring 

CCT over PVT were found on the BDI-II, suggesting CCT was effective at reducing 

negative mood. Results from this study support the notion that a neurobehavioral therapy 

can alter mood; however, these changes may be specific to select mood dimensions. 

 

Limitations 

We acknowledge several limitations in the present study. First, the sample is small, which 

results in insufficient power for the exploratory mediation analysis. The trial was initially 

powered to detect changes in depressive symptoms, so the lack of significant mediation 

of N2 on clinical outcomes should be viewed with caution. Second, the intervention was 

relatively short in duration (i.e., two months) and it is unclear whether continued 

improvements in neurocognitive function and clinical symptoms would be found with a 

longer intervention. Despite the nonsignificant mediation of cognitive control, we are 
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optimistic that significant and clinically meaningful reductions in depressive symptoms 

and increases in cognitive control were found in as few as 8 weeks. However, future 

clinical trials of exercise should attempt to determine clinical cutpoints and how long 

these benefits remain by assessing the same symptoms at several follow-up time points. 

Another limitation of the study was related to the comparison group. Since the 

results demonstrate that AE is more effective at reducing depressive symptoms and 

enhancing cognitive control processes relative to PE, we can conclude that AE is an 

effective treatment for treating depression; however, future research with a pragmatic 

primary objective (e.g., aimed at policy decisions relating to prescribed treatments for 

MDD) should incorporate standard-of-care or CAU control groups to determine if AE is 

at least as effective or superior to conventional therapies for MDD (e.g., SSRI, CBT). 

 

Conclusion 

Findings from the current study indicate that AE is an effective intervention for 

symptoms of depression and cognitive control impairments in MDD. Considering the 

frequent report of cognitive impairments in MDD and the failure of these symptoms to 

subside despite antidepressant treatment, the use of exercise as a stand-alone or 

adjunctive treatment for MDD is recommended. Exercise may be particularly useful for 

depressed individuals with impaired cognitive control. It remains to be determined 

whether exercise further enhances cognitive outcomes in patients undergoing 

antidepressant medication, and whether the improvements in cognitive function may 

mediate other important outcomes besides depressive symptoms and rumination (e.g., 

fatigue, medication adherence). Given the recent calls for a precision medicine approach 
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and established treatments for neurocognitive deficits in MDD, these findings are 

supportive of exercise as a potential neurobehavioral therapy and suggest the need for 

additional research in this area. 
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GENERAL DISCUSSION 

 

Summary  

Chapter 1 set out to determine relationships between ruminative thought patterns 

and cognitive control processes in individuals diagnosed with MDD compared to age- 

and sex-matched healthy control participants. We hypothesized that individuals with a 

current diagnosis of depression would display deficits in cognitive control processes, as 

indexed by reductions in N2 and P3 amplitudes, as well as impaired behavioral task 

performance outcomes. Individual differences in rumination were also predicted to 

covary with both ERP and behavioral performance measures elicited by the flanker task. 

This latter finding would suggest that there is an association between cognitive control 

and the ability to inhibit or “gate out” unwanted thought patterns that are often associated 

with depression. The results revealed decreased (i.e., less negative) N2 amplitudes during 

the flanker task in individuals with MDD compared to their non-depressed counterparts. 

This finding was observed despite a lack of significant group differences in behavioral 

task performance measures of reaction time and accuracy. Notably, reductions in N2 

among individuals with MDD occurred for trials requiring greater conflict monitoring 

(i.e., the more challenging incongruent trials), suggesting less recruitment of cognitive 

control in depression. Relative to the second hypothesis, we also found that individuals 

who reported higher levels of rumination displayed reduced flanker N2 amplitudes. Thus, 

our hypotheses were partly supported such that we were able to establish a relationship 

between ruminative thought patterns and cognitive control in MDD. Importantly, in 
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Study 1 we were able to identify neurocognitive deficits in MDD that may potentially 

serve as an effective target for neurobehavioral therapies (e.g., exercise intervention).  

Chapter 2 was designed to assess whether ERP components of cognitive control 

(i.e., N2 and P3 components) are state-dependent and altered by exercise. In the larger 

field of Psychophysiology, it remains unknown whether many of the established ERP 

components are trait like and relatively immutable, or whether they are state like and 

modifiable through behavioral activation. Demonstrating state-dependent changes in ERP 

indices of cognitive control, particularly through acute exercise, could provide evidence 

that neural targets associated with rumination and depressive symptoms in MDD can be 

improved through a chronic exercise intervention. A secondary purpose was to examine 

cognitive control processes during an acute bout of aerobic exercise performed at 40% 

(low-intensity) and 60% (moderate-intensity) of peak aerobic fitness (VO2 peak) at 5, 15, 

and 25 min time points during steady-state exercise. We hypothesized that N2 and P3 

would be sensitive to acute exercise such that they would be enhanced (i.e., larger) 

compared with the control condition. Based on previous findings in the acute exercise 

and cognition literature, we also expected greater cognitive control required when 

assessed at 25-min following exercise onset relative to earlier assessment times (5- and 

15-min). The results from Chapter 2 showed impaired response accuracy for incongruent 

trials of the flanker task during low- and moderate-intensity aerobic exercise relative to a 

no-exercise control in healthy individuals. This reduction in accuracy was accompanied 

by faster reaction times in the moderate-intensity exercise condition compared to low-

intensity and control conditions, suggesting a possible speed-accuracy tradeoff associated 

with exercise. Relative to the neurophysiological measures, more negative N2 and more 
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positive P3 amplitudes were found during both exercise conditions and were most 

prominent for incongruent flanker task trials. The primary finding from Study 2 was that 

acute exercise altered neurophysiological indices of cognitive control processes in an 

otherwise healthy population. In light of the impairments in accuracy observed during 

exercise (although concomitant with an increase in reaction time), the increase in N2 and 

P3 amplitudes are believed to reflect an increased need for cognitive control during 

exercise. Thus, in otherwise healthy individuals who do not typically engage in these 

novel types of cognitive control tasks during exercise, this dual-task scenario requires a 

greater upregulation of cognitive control in order to successfully meet task demands. As 

it relates to Chapter 1, changes in these ERP components through acute exercise, 

particularly N2, provide initial support for the impact of exercise on healthy brain 

functioning. We anticipate that combined acute bouts of aerobic exercise (i.e., chronic 

exercise) may lead to long-term changes potentially impacting ruminative thought 

patterns and depressive symptoms found in MDD. Relative to Chapter 3, findings from 

this study contribute additional support to a growing body of literature demonstrating the 

beneficial effects of low- to moderate-intensity exercise on cognition. As such, this 

intensity of exercise may serve as an optimal dose for a chronic exercise program aimed 

at ameliorating cognitive deficits in MDD.  

Chapter 3 was designed to determine the effects of an 8-week moderate-intensity 

aerobic exercise intervention on cognitive control and symptoms of depression and 

rumination in individuals with MDD. We hypothesized that 8 weeks of moderate-

intensity exercise would significantly restore impaired cognitive control processes (N2 

amplitude), while reducing depressive symptoms and ruminative thoughts in individuals 
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with MDD. Lastly, although this randomized trial was not specifically powered for 

mediation, we expected changes in cognitive control to mediate reductions in depressive 

symptoms and rumination from pre-to-post intervention. The results from Chapter 3 

revealed that at baseline, depressed individuals displayed similar flanker N2 amplitudes 

as those from MDD participants in Chapter 1. That is, no significant flanker congruency 

effect was found between congruent and incongruent trials. Importantly, we found that 8 

weeks of moderate-intensity aerobic exercise resulted in significantly faster reaction time 

performance, increases in N2 amplitude during incongruent trials, and reduced depressive 

symptoms in individuals with MDD relative to individuals assigned to a placebo exercise 

condition. Interestingly, these changes occurred without a change in aerobic fitness (VO2 

peak) from pre-to-post intervention, suggesting that aerobic exercise improves conflict 

monitoring and cognitive control processes in MDD despite marginal changes in 

cardiorespiratory fitness. Previous studies have suggested that 8-12 weeks of exercise 

performed at moderate (30 min per day, 5 days per week, 150 total min per week) to 

vigorous (20 min per day, 3 days per week, 75 total min per week) intensity is necessary 

to raise cardiorespiratory fitness levels in a young, otherwise healthy population (222). 

The study population in this trial consisted of young, college-aged individuals with 

MDD; however, some findings indicate that a longer period of time or more vigorous 

exercise, depending on initial conditioning levels, would be needed to statistically and 

meaningfully improve aerobic fitness levels (223). Although we anticipated significant 

mediation of symptom change from change in cognitive control, the indirect effect in the 

meditational model was nonsignificant and suggested that although aerobic exercise 

significantly enhances cognitive control and reduces symptoms of depression, the 
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changes in cognitive control do not mediate symptom improvements. This study is an 

important initial step in identifying potential neural mechanisms of action for the 

antidepressant effects of exercise that should be targeted in future randomized exercise 

trials for depression. Future trials should also be statistically powered to test for 

mediation effects.  

Taken together, these results support previous research showing that chronic 

aerobic exercise may be used as an alternative or augmentative treatment therapy for 

individuals with MDD. Specifically, findings from this dissertation suggest appropriate 

neural targets in MDD, that these are state-like and modifiable, and that changes in 

depression and depressive symptoms may be associated with changes in neurocognitive 

processes, especially those related to conflict monitoring and cognitive control.   

 

General limitations and future directions  

There are several limitations to consider when interpreting our results. First, the 

sample sizes were small and consisted of a relatively homogeneous group of students in 

regard to a number or demographic and health characteristics including age, education 

level, body-mass index, cardiorespiratory fitness, and primary diagnosis. Despite separate 

power analyses supporting the sample sizes, generalizability of these findings may be 

limited to young adults with MDD. Second, although participants in Studies 1 and 3 

received a baseline clinical assessment for depression, the primary outcome measure 

(symptoms of depression) was assessed through the BDI-II, which assesses a wide-range 

of unrelated symptoms that may limit the capacity to characterize the extent of remission 

following the intervention. Recent clinical trials have used BDI-II scores as a primary 
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outcome measure (224, 225) and it has been suggested that reductions in BDI-II values 

correspond to clinical and diagnostic changes in depression. In order to improve clinical 

interpretation and allow for comparison between studies, future trials of exercise on 

cognitive function in MDD should assess pre-to-post changes in clinical levels of 

depression through structured interviews and/or the HRSD.  

Third, this dissertation implemented the ERP technique to document changes in 

cognitive control processes, but a number of limiting factors must be considered. In 

particular, MDD is associated with cognitive deficits stemming from a number of brain 

regions including the hippocampus, amygdala, and prefrontal and anterior cingulate 

cortices. Despite converging evidence identifying the ACC and DLPFC as neural 

generators of the N2 component through source localization and fMRI methods, ERPs 

are poorly suited for addressing questions focused on neuroanatomical specificity. That 

is, ERPs represent a direct measure of neurotransmission and would be better suited 

investigating the timing of psychological processes. Due to the alignment of cortical 

pyramidal neurons and the process of neurotransmission (i.e., from the brain, through the 

dura layers, through the skull layers, through the scalp, and to the electrode), the signal 

becomes spatially smeared, rendering spatial analyses ineffective unless a dense array 

(>128 channels) EEG system is used. Additionally, individual ERP component 

amplitudes are not especially useful and the polarity of the component provides little 

information on the type of neurotransmitters (i.e., excitatory or inhibitory) that may be 

affected in MDD and modifiable by intervention. As it currently stands, the ERP 

technique cannot be used in the diagnosis of mental health disorders, yet the advantages 

of this system far outweigh the disadvantages in that it is cost-effective, minimally 
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invasive, and temporally superior to alternative neuroimaging techniques. Future research 

incorporating multiple imaging approaches simultaneously (e.g., fMRI and ERPs) may 

help to source localize neural deficits in MDD. 

Lastly, the temporal relationship between cognitive and affective changes 

following an exercise intervention remains unknown. That is, it is possible that changes 

in affect and symptoms of depression improve during the initial phases of an exercise 

intervention trial, and these changes in affect might mediate alterations in cognitive 

control processes. The integration of affect/emotion and cognition has received recent 

attention (226) and future studies should attempt to evaluate the integration and temporal 

nature of emotion and cognition changes in MDD using temporally-sensitive measures 

such as ERPs.  

Future exercise studies should also examine the time-course of integrated 

neurobiological processes in MDD (i.e., rumination, depressive symptoms, 

neurocognitive function) to determine whether changes in symptoms precede ERP 

changes or vice versa. Additionally, any improvements in psychobiological outcome 

measures should be monitored several weeks post-intervention to determine the long-

term effects of exercise on neurocognitive and psychological resilience (227). Studies 

examining potential moderators and mediators of change are also warranted to partially 

address individual differences and the heterogeneity of MDD. Specifically, MDD is 

clinically diagnosed by responding to a series of questions related to symptoms or 

symptom clusters. Many of these symptoms (e.g., sleep disturbances, feeling of guilt, 

weight fluctuations) could affect behavioral and neurocognitive measures, thus focusing 

on specific subtypes of depression or smaller symptom clusters will allow us to better 
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understand this complex disease from a transdiagnostic perspective. Finally, research 

efforts should focus on characterizing responders and non-responders to traditional and 

more novel neurobehavioral treatments. For instance, understanding whether individuals 

who fail to respond to exercise might respond to CBT or antidepressants (and vice versa) 

would be an important next step in identifying biological mechanisms and tailoring 

interventions in depression. In addition, change in cognitions and an increase in suicidal 

thoughts are well known side effects of antidepressants. It is possible that exercise can be 

used as an adjunctive therapy with antidepressants to reduce these treatment-related side 

effects. This may also allow us to develop and advance a precision-based medicine 

approach for exercise and more conventional treatments that addresses the important role 

of individual variability.  

 

General conclusion  

Overall, our results indicate that individuals with MDD display impaired 

neurocognitive function, especially in tasks requiring greater amounts of cognitive 

control. These neurocognitive impairments were shown to be modifiable by acute low-to-

moderate-intensity aerobic exercise. Finally, we showed that neurocognitive deficits in 

MDD are amenable to change through a chronic exercise intervention and that there was 

a larger, clinical effect on depressive symptoms following the AE intervention compared 

an attention controlled PE condition. Together, these findings are supportive of exercise 

as an effective neurobehavioral therapy for the treatment of depression in young adults.  
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