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ABSTRACT 

Mild traumatic brain injury (MTBI) is sometimes called an invisible injury. While 

normally subjects with MTBI recover well, remarkably many suffer from prolonged 

symptoms despite intact imaging and neuropsychological test results. A similar 

discrepancy between subjective cognitive and affective complaints and challenges in 

daily life, but intact neuropsychological test results are frequently encountered in 

patients with orbitofrontal cortex (OFC) lesion. The OFC has an important role in 

integrating emotional information into appropriate actions, with lesion to the OFC 

causing deficits in these processes. Symptoms and challenges related to alterations in 

emotion guided behaviors, emotion regulation, attention and executive functions 

(EFs) are common after MTBI and OFC injury, however, the underlying neural 

mechanisms predisposing to them remain unclear.  

In this thesis, we aimed to better understand the neural mechanisms underlying 

affective and cognitive symptoms in MTBI and OFC injury. We also aimed at 

unraveling the role of intact OFC in the interplay between emotion and attention 

and the impact of OFC lesion and MTBI on it. In addition, we aimed to develop a 

novel electroencephalography (EEG) based biomarker of MTBI.  

Subjects with MTBI (n = 27) and OFC lesion (n = 16) were included in the 

studies along with healthy control subjects. We used event-related potentials (ERPs) 

and frontal alpha asymmetry (FAA) to study injury-related alterations in brain 

physiology underlying emotion-attention interaction and cognitive control. EEG 

was recorded during a cognitive task (Executive RT Test), where threatening and 

neutral stimuli (task-relevant or irrelevant) were embedded into a Go-NoGo task. 

We assessed whether attention and cognitive control -related ERP components (N2, 

P3, N2P3) and task-performance differed between subjects with MTBI or OFC 

lesion and healthy controls. We further evaluated whether task-induced FAA and a 

novel index, emotional modulation of FAA (eFAA), reflect post-concussion 

symptoms (PCS) after MTBI. Self-report questionnaires of PCS, depression 

symptoms and EFs in daily life were collected to study correlations between 

symptom scores and objective physiological measures.  

The MTBI group reported more emotional symptoms than control subjects. 

They also had larger N2P3 ERP amplitudes in context of task-relevant threat in the 
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Go-condition coupled with faster reaction times. In the NoGo-condition, larger 

N2P3 amplitudes were detected both in context of task-relevant and task-irrelevant 

threat in the MTBI group, and more errors were committed with task-irrelevant 

threat. Further, rightward FAA i.e., relatively more activity on the right compared to 

the left frontal regions, a pattern associated with vulnerability to depression was 

observed in subjects with MTBI. eFAA distinguished subjects with MTBI and 

prolonged PCS from those without symptoms and from controls. Moreover, the 

eFAA obtained during the Executive RT Test was negatively correlated with 

subjective reports of depressive and post-concussion symptoms.  

The OFC group exhibited larger N2P3 amplitudes in context with task-relevant 

threat in both Go- and NoGo-conditions. In contrast, when confronted with threat 

stimuli that were presented only as task-irrelevant distractors, they didn’t display an 

initial N2P3 increase but demonstrated pronounced late positive waves, indicative 

of emotional processing. The OFC group had generally worse task-performance 

when the task included emotional stimuli only as task-irrelevant distractors, whereas 

their task-performance seemed to slightly benefit from task-relevant threat. The 

OFC group also reported more challenges in EFs and more PCS than controls.  

To summarize, we detected alterations in interactions of affective, attentional and 

EF processing after MTBI and OFC lesion. Subjects with MTBI allocated more 

attention to both task-irrelevant and task-relevant threat than controls while subjects 

with OFC lesion allocated more attention particularly to task-relevant threat.  

Alterations in attention to threat may contribute to emotional symptoms and 

vulnerability to depression in MTBI. We suggest the observed alterations reflect 

disruption of frontal-subcortical circuits subserving emotion-cognition interactions. 

The OFC is important in balancing voluntary and involuntary attention, especially in 

gearing attention to task-irrelevant emotion. Lesion to the OFC leads to challenges 

in swift allocation of attention to task-irrelevant but emotionally relevant stimuli. 

This may underlie some of the daily challenges experienced after OFC lesion, where 

timely evaluation of emotional stimuli and its appropriate integration into actions is 

crucial.  

The results of this thesis shed new light on the role of OFC in attention to 

emotion and on the possible mechanisms of prolonged symptoms after MTBI. 

Finally, we introduce a novel biomarker for MTBI, known as eFAA, reflecting 

alterations in affective and cognitive brain circuits and functions due to brain injury.   
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TIIVISTELMÄ 

Lievää aivovammaa kutsutaan joskus näkymättömäksi vammaksi. Lievän 

aivovamman saaneet toipuvat yleensä hyvin, mutta yllättävän suuri osa kärsii 

pitkittyneistä oireista, vaikka tavanomaiset kuvantamistutkimukset ja 

neuropsykologiset testitulokset näyttäytyvät normaaleina. Myös 

orbitofrontaalialueen vammaan liittyy ristiriita koettujen kognitiivisten ja tunne-

elämän oireiden sekä objektiivisten neuropsykologisten löydösten välillä, vaikka 

vamma itsessään näkyy selkeästi jo tietokonetomografiakuvissa. Orbitofrontaalinen 

aivokuori integroi tunnepitoista tietoa toimintaamme ja alueen vaurio heikentää tätä 

prosessia. Oireet ja haasteet tunteiden ohjaamassa käytöksessä ja tunnesäätelyssä 

sekä tarkkaavuudessa ja toiminnanohjauksessa ovat yleisiä lievän aivovamman ja 

orbitofrontaalialueen vaurion jälkeen, mutta niille altistavat hermostolliset 

mekanismit tunnetaan huonosti. 

Tämän väitöskirjan tavoitteena oli ymmärtää paremmin hermostollisia 

mekanismeja, jotka altistavat lievän aivovamman ja orbitofrontaalialueen vaurion 

saaneet kognitiivisille ja tunne-elämän oireille. Tavoitteena oli myös valottaa 

orbitofrontaalialueen roolia tunteiden ja tarkkaavuuden vuorovaikutuksessa ja 

aivovamman vaikutusta tähän. Tämän lisäksi pyrittiin kehittämään aivosähkökäyrään 

perustuva biomarkkeri lievälle aivovammalle. 

Tutkimme lievän aivovamman saaneita (n = 27), orbitofrontaalialueen vaurion 

saaneita (n = 16) sekä terveitä verrokkeja. Vamman aiheuttamia muutoksia 

tarkasteltiin aivojen fysiologisten ilmiöiden, herätevasteiden (ERP) ja frontaalisen 

alfa-asymmetrian (FAA) avulla. Aivosähkökäyrää (EEG) mitattiin kognitiivisen 

tehtävän (Executive RT Test) suorituksen aikana. Tehtävässä piti joko reagoida (Go) 

tai olla reagoimatta (NoGo) ärsykkeisiin sääntöjen mukaan ja samanaikaisesti 

esitettiin uhkaavia tai neutraaleja ärsykkeitä, jotka olivat joko tehtävän kannalta 

oleellisia ärsykkeitä tai epäoleellisia häiriöärsykkeitä. Tarkkaavuutta ja kognitiivista 

kontrollia kuvaavia herätevasteita (N2, P3 ja N2P3) sekä tehtäväsuoritusta vertailtiin 

ryhmien välillä. Tutkimme myös heijastaisiko FAA ja kehittämämme uusi indeksi, 

uhkaärsykkeen muovaama FAA (eFAA), lievän aivovamman jälkeisiä oireita. 

Lievän aivovamman saaneet raportoivat enemmän tunne-elämän oireita kuin 

verrokit. He myös reagoivat nopeammin uhkaärsykkeeseen sen ollessa vastaamisen 
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kannalta oleellinen Go-tilanteessa ja tässä yhteydessä nähtiin suuremmat N2P3-

amplitudit. NoGo-tilanteessa suuremmat N2P3-amplitudit nähtiin uhkaärsykkeen 

ollessa sekä tehtävän kannalta oleellinen ärsyke että epäoleellinen häiriöärsyke. 

Lievän aivovamman saaneilla havaittiin oikeavoittoinen FAA, joka heijastaa 

suhteellisesti suurempaa aktiviteettia oikealla otsalohkoalueella verrattuna 

vasempaan, ja tällainen aktivaation epäsuhta on liitetty masennusalttiuteen. eFAA 

kykeni erottamaan lievän aivovamman saaneista ne, joilla oli aivovamman jälkeisiä 

oireita ja korreloi subjektiivisten vamman jälkioireiden ja masennusoireiden kanssa. 

Orbitofrontaalialueen vaurion saaneilla oli suuremmat N2P3-amplitudit tehtävän 

kannalta oleellisen uhkaärsykkeen yhteydessä. Uhkaärsykkeen ollessa epäoleellinen 

häiriöärsyke, orbitofrontaalisen vaurion saaneet eivät kyenneet suuntaamaan 

tarkkaavuusresursseja siihen nopeasti mutta tunneärsykkeen prosessointiin liittyvät 

myöhäiset herätevasteaallot olivat suurentuneet. Orbitofrontaalisen vaurion saaneilla 

oli enemmän vaikeuksia kognitiivisessa tehtävässä, jossa tunneärsyke oli aina 

epäoleellinen häiriöärsyke, mutta he jopa paransivat suoritustaan uhkaärsykkeen 

ollessa tehtävän kannalta oleellinen. He raportoivat myös verrokkeja enemmän 

toiminnanohjauksen vaikeuksia sekä aivovamman jälkeisiä oireita. 

Tässä väitöskirjassa havaittiin muutoksia tunteiden, tarkkaavuuden ja 

toiminnanohjauksen vuorovaikutuksessa orbitofrontaalivaurioon ja lievään 

aivovammaan liittyen. Lievän aivovamman saaneet suuntasivat verrokkeja enemmän 

tarkkaavuutta sekä oleellisiin että epäoleellisiin uhkaärsykkeisiin kun taas 

orbitofrontaalisen vaurion saaneet kohdistivat verrokkeja enemmän tarkkaavuutta 

vain tehtävän kannalta oleellisiin uhkaärsykkeisiin. Ylikorostunut tarkkaavuuden 

suuntaaminen uhkaan voi altistaa tunne-elämän oireille ja masennukselle. On 

mahdollista, että havaitut muutokset heijastavat vaurioita etuotsalohkojen ja sen 

alaisten alueiden välisissä verkostoissa, jotka ovat tärkeitä tunnesäätelyssä. 

Orbitofrontaalialue osallistuu tarkkaavuuden tasapainottamiseen tehtävän kannalta 

oleellisten ja epäoleellisten ärsykkeiden välillä, ja vaurion myötä tarkkaavuuden 

suuntaaminen epäoleellisiin uhkaärsykkeisiin voi heikentyä. Kyvyttömyys integroida 

tunnepitoista informaatiota toimintaan voi aiheuttaa ongelmia jokapäiväisessä 

elämässä, ja voi selittää orbitofrontaalivaurioon liitettyjä haasteita.  

Tämän väitöskirjan tulokset tuovat uutta tietoa orbitofrontaalialueen roolista 

tunteiden ja tarkkaavuuden vuorovaikutuksessa ja mahdollisista mekanismeista 

lievän aivovamman jälkeisten oireiden pitkittymisessä. Lopuksi esitellään myös uusi 

biomarkkeri eFAA, joka heijastaa aivovamman jälkeisiä muutoksia kognitiivisissa ja 

emotionaalisissa aivoverkostoissa. 
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1 INTRODUCTION 

Mild traumatic brain injury (MTBI) is the most common of all traumatic brain 

injuries (TBI), with at least 80 % of TBI being mild (Ruff, 2005). As the word “mild” 

implies, majority of the patients are thought to suffer from minor symptoms like 

headache, nausea and tiredness, and recover well. However, according to recent data, 

remarkably many patients suffer from prolonged symptoms and don’t recover as 

expected. The exact mechanisms for the prolongation of symptoms are unclear, 

highlighting the need for more studies. Emotional symptoms like irritability and 

depression are common after MTBI (Lagacé-Legendre et al., 2021; Tator et al., 2016; 

Theadom et al., 2016) and also cognitive symptoms, like problems in attention, 

executive functions (EFs) and working memory (WM), are frequently reported 

(Rabinowitz and Levin, 2014). Also, lesion to the orbitofrontal cortex (OFC), 

important in integrating emotional stimuli into attentional processes (Hartikainen, 

Ogawa, & Knight, 2012), causes challenges in emotion-guided behaviors. Difficulties 

in integrating emotional information into current actions are reported after OFC 

lesion, causing problems in everyday-life situations and social contexts (Schneider & 

Koenigs, 2017), where information with emotional meaning must be taken into 

account for optimal performance. However, the subjectively experienced cognitive 

and emotional symptoms after both MTBI and OFC lesion are rarely caught in 

traditional neuropsychological tests, leaving patients without objective evidence and 

explanation for their symptoms and without proper rehabilitation and treatment. 

This can be burdening to the patients themselves but also to the society, when return 

to work is postponed, stressing the need to develop better objective biomarkers for 

these challenges.  

Symptom prolongation after MTBI has been suggested to be a complex 

biopsychosocial cascade where injury-related as well as individual-related factors, 

such as previous depression and resiliency, play a role. The trauma initiates 

neurometabolic alterations causing the initial symptoms, which can either be 

compensated for, leading to a favorable outcome and remission of symptoms, 

whereas uncompensated alterations lead to symptom prolongation (van der Horn et 

al., 2020). As emotional and cognitive symptoms are common among patients, 
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interactions between these separate but tightly cooperating functions and their 

alterations due to brain injury are particularly interesting in understanding the 

symptoms. Damage to the microstructure of the frontal-subcortical networks 

subserving interactions of cognition and emotion are suggested to underlie symptom 

prolongation after mild and moderate TBI (Hartikainen et al., 2010b). Altered 

interactions between attentional and affective processing are observed in depression 

(Mennen et al., 2019) and similar phenomena could contribute to affective symptoms 

after brain injury. Thus, studying alterations of emotion-attention and emotion-

executive function interactions and their electrophysiological counterparts after 

MTBI and OFC lesion, could reveal mechanisms responsible for cognitive and 

emotional symptoms as well as provide objective measures of neural dysfunction 

underlying these symptoms.  

The aim of this thesis was to understand how attention to emotional stimuli and 

interactions between emotion and executive functions are altered after MTBI and 

OFC lesion. Moreover, we aimed to shed light on the role of intact OFC in emotion-

attention and emotion-cognitive control interactions, particularly how OFC is 

involved in voluntary and involuntary attention allocation to emotion. Our goal was 

to understand the role of these alterations in the challenges experienced by subjects 

with brain injury and how they would correlate with subjective symptom reports. 

Specifically, we aimed at developing an EEG-based biomarker for MTBI that would 

reflect the post-concussion symptoms experienced.  

We used event-related potentials (ERPs) and frontal alpha asymmetry (FAA), to 

study possible injury-related alterations in brain physiology. ERPs can be used to 

measure how much cognitive control (N2 potential) and attention (P3 potential) and 

for how long (LPP) is directed to stimuli (Duncan et al., 2009), thus these potentials 

were utilized. ERPs are constructed from EEG by averaging and they offer 

millisecond-level temporal resolution, being capable of revealing fast and subtle 

emotional and cognitive processes. Alterations in normal activity balance between 

right and left frontal regions, on the other hand, is reflected in FAA with rightward 

bias (greater right than left activity) observed in patients with current or previous 

depression and vulnerability to it (Gotlib et al., 1998; Henriques and Davidson, 1991; 

Nusslock et al., 2011). Thus, we studied whether alterations in FAA are detected in 

MTBI, possibly underlying emotional symptoms related to it and whether FAA in 

context with threat could serve as a biomarker for post-concussion symptoms. We 

aimed at finding objective measures correlating with the subjectively experienced 

symptoms, which has been a hard task to accomplish. In the future, understanding 
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the mechanisms underlying the symptoms lays ground for better methods to 

diagnose, treat and rehabilitate these patients.  

In order to uncover alterations in neural functions underlying interactions of 

emotional and cognitive networks and processes, one has to engage them. We used 

the Executive RT Test, developed by Kaisa Hartikainen (Hartikainen et al., 2010b). 

This test burdens several cognitive processes like attention, working memory and 

response inhibition, but also introduces emotional stimuli embedded in the cognitive 

task. The emotional stimulus is either threatening (spider) or emotionally neutral 

(flower), with biologically relevant threat-stimuli especially effective in capturing 

attention. This task has been used to assess efficiency of executive functions and to 

detect attention capture by emotion in healthy subjects (Erkkilä et al., 2018; 

Hartikainen et al., 2012b) and alterations in these functions in depression (Peräkylä 

et al., 2021), or due to neuromodulation (Hartikainen et al., 2014; Sun et al., 2015, 

2017b). Thus, the test is well suitable for studying subjects with brain injuries as well. 

Studies I and IV in this thesis concentrate on MTBI; in study I, alterations in 

emotion-attention interactions due to MTBI are evaluated using ERPs, whereas 

study IV introduces a novel biomarker of MTBI based on FAA and the impact of 

emotional stimuli on it. Studies II and III investigate the role of OFC in emotion-

attention and emotion-cognitive control interaction and the alterations in these 

interactions caused by OFC injury. Particular interest is paid on the role of OFC in 

attention allocation to emotionally significant stimuli and whether task-relevance 

modulates it.  

The studies of this thesis involve a wide and interdisciplinary theoretical 

background including fields of neurology, cognitive and affective neuroscience, 

signal processing, neuropsychology and neurophysiology. When experimentally 

studying the neural basis of emotion-cognition interaction and the alterations due to 

brain injury, one has to understand intact attentional, affective and cognitive brain 

functions and their interaction as well as typical challenges associated with diffuse 

MTBI and focal frontal brain injury. Lesion, reaction time and EEG studies are other 

theoretical concepts to cover. Therefore, the literature review provides a rather broad 

overview of these topics, while at the same time, effort has been made to present 

concisely only the most relevant theories, methods and findings regarding the main 

scope of this thesis. First, an overview of brain injury, MTBI and OFC injury is 

provided, moving on to more detailed theoretical aspects of attentional, cognitive 

and affective brain functions and their interactions, alterations to which are the core 

focus of this thesis. Theory behind the chosen methodology (EEG, ERPs, lesion 

studies) is introduced and finally, results and discussion are presented. 
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2 REVIEW OF THE LITERATURE 

2.1 Traumatic Brain Injury (TBI) 

Traumatic brain injury (TBI) can be defined as some evidence of brain pathology, 

such as alterations in brain functions caused by external forces (Menon et al., 2010). 

Alterations in brain functions may include some or all of the following features: loss 

of consciousness, memory loss (preceding and/or following the injury), neurological 

deficits (limb paresis, visual problems, ataxia, aphasia, balance problems, sensory loss 

etc.) and confusion or altered mental state in proximity of the injury. Additionally, 

radiological, laboratory or visual evidence of brain trauma may be obtained. Along 

with the classical trauma mechanisms, such as the head colliding with an object, also 

strong acceleration and deceleration forces, blast impacts or penetrating traumas can 

cause the injury (Menon et al., 2010).  

Brain injuries are among the most common causes of disabilities. The estimated 

annual worldwide incidence of TBI is 50-60 million cases, 90% of which are mild 

injuries (Maas et al., 2017). It’s estimated that in the USA, 1.5-2.5 million people 

suffer a TBI yearly (Katz et al., 2015; Prins et al., 2013; Voss et al., 2015), however, 

these numbers do not frequently include patients that don’t seek for medical 

attention after the trauma. Disability and mortality caused by TBIs is significant 

among young people, but the incidence of TBI is growing among older adults as 

well, with increasing age associated with higher rates of hospitalization, worse 

outcomes and mortality (Maas et al., 2017), making TBI an overall substantial 

economic burden. 

2.1.1 Pathophysiology of traumatic brain injury 

Knowledge on the pathophysiology of TBI is largely based on experimental animal 

models. Injury can be divided into primary and secondary injury. Primary injury 

corresponds to damage such as contusions, cerebral hemorrhages and diffuse axonal 

injuries resulting from the initial mechanical impact and secondary injury reflects the 

cellular level pathologies that are initiated by the impact but continue causing damage 
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even though the initial exposure is over (Prins et al., 2013; Signoretti et al., 2010). 

Disrupted energy metabolism, ionic imbalance, production of free radicals, 

dysregulation of blood flow, inflammation, ischemia, edema, and cell death are all 

responsible for the secondary damage. 

Mechanical forces provoke cell membrane disruption and axonal stretching, 

causing presynaptic nerve endings to release excitatory agents, like glutamate. 

Excessive release of glutamate leads to high efflux of potassium and influx of calcium 

and sodium ions. To restore electrical equilibrium of the cell membrane, Na⁺/K⁺-

adenosine triphosphate pumps activate, increasing energy consumption 

(Barkhoudarian et al., 2011; Prins et al., 2013). Excessive calcium causes dysfunction 

of the mitochondria leading to increased amount of free radicals, causing oxidative 

stress and cell damage (Barkhoudarian et al., 2011; Signoretti et al., 2010). Activation 

of proteolytic enzymes destroy cell membranes and harm DNA, leading to cell death 

(Werner and Engelhard, 2007). Accumulation of fluids in the extracellular space due 

to damage to endothelial cells causes edema and disturbed function of the blood 

brain barrier (BBB) (Werner and Engelhard, 2007). Proinflammatory cytokines are 

released (Werner and Engelhard, 2007) and impaired function of the BBB promotes 

this inflammatory response allowing extravasation of immune cells (Pearn et al., 

2017). Moreover, activation of microglia and astrocytes contribute to 

neuroinflammation (Pearn et al., 2017). 

Increased energy consumption in the brain begins immediately after the injury 

lasting 30 minutes up to hours followed by a longer-lasting (days to weeks) decrease 

in glucose metabolism. Altered glucose metabolism may reflect alterations in cerebral 

blood flow (CBF). Even though CBF usually declines after severe brain trauma, on 

days 1-3 after the injury increased blood flow leading to hyperemia is seen 

(Barkhoudarian et al., 2011; Werner and Engelhard, 2007). Alterations from hypo- 

to hyperperfusion combined with brain’s energy demands not matching the 

perfusion rate may cause ischemia (Werner and Engelhard, 2007). Impaired 

autoregulation of CBF and alterations in cerebrovascular reactivity to carbon dioxide 

is observed after severe brain trauma, but also after MTBI (Len and Neary, 2011; 

Werner and Engelhard, 2007). Reduced CBF and volume on frontal and parieto-

temporal regions was detected in acute phase of MTBI, and it was linked to deficits 

in executive functions and perception of emotional stimuli a few months post-injury, 

suggesting hemodynamic changes may have a role in development of longer-term 

pathologies even in mild injuries (Metting et al., 2014).  

Animal models suggest diffuse axonal injury (DAI) is the core feature of 

neuropathology in MTBI (Povlishock et al., 1983). As global brain damage is thought 
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to originate from uncontrolled acceleration and deceleration movements shaking the 

brain inside the skull and creating shearing, compressive and tensile forces, axons 

and nerve circuits are considered particularly vulnerable to injury (Signoretti et al., 

2010). The frontal lobes are damaged easily, because they are large, densely 

connected and located on bony protrusions of the skull, making them vulnerable to 

direct tissue damage. Axonal stretching creates metabolic phenomena described 

previously, leading to swollen and dysfunctional axons and damage to their 

connections to other cells (Barkhoudarian et al., 2011). 

The pathophysiology in mild and more severe TBI is similar, with less damage in 

milder trauma (Alexander, 1995; Pearn et al., 2017; Signoretti et al., 2010). In the 

mildest forms of TBI, like concussion, the metabolic changes are considered self-

limiting, reversible and also functional instead of structural meaning that they aren’t 

visible in traditional neuroimaging, like CT or MRI. Nevertheless, acquiring a second 

MTBI in close proximity to the first one (i.e., within a few days) may be additive, 

thus create similar metabolic conditions as in severe TBI, suggesting that ongoing 

metabolic alterations caused by the first injury impairs the ability of the brain to 

handle new energy crisis created by the second trauma (Barkhoudarian et al., 2011; 

Signoretti et al., 2010). 

2.1.2 Mild traumatic brain injury (MTBI) 

TBIs are traditionally categorized into mild, moderate and severe based on initial 

symptoms and clinical and imaging findings. MTBI constitutes at least 90% of all 

brain injuries being the most common form of injury (Maas et al., 2022). Many 

patients don’t seek medical attention following MTBI and concurrently, there are 

inconsistencies in defining and reporting MTBI, resulting in substantial variations in 

incidence rates. An earlier study reported that the worldwide incidence of MTBI 

resulting in hospital admissions varies between 100-300/100 000, whereas the actual 

incidence, including non-hospitalized patients was estimated to range from 100-

600/100 000 yearly (Cassidy et al., 2004). Recent study from Norway reports an 

incidence of 302/100 000 person years for MTBI in adult populations (16 to 59 

years) but a very high incidence of 835/100 000 person years in young males (16-20 

years) (Skandsen et al., 2019). Similarly, annual incidence of very mild TBI 

(concussion) in Canada was as high as 1153/100 000 individuals (Langer et al., 2020). 

Mirroring these numbers, recent incidence of TBI of all severities has ranged from 

476-787/100 000 (Maas et al., 2022). Thus, better characterization and reporting of 
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MTBI is needed in order to get better estimates of the true incidence. Falls and motor 

vehicle accidents along with violence are the most common causes of MTBI, with 

traffic accidents overrepresented in low-income countries and falls in high-income 

countries (Maas et al., 2022). Sports-related MTBI is common especially among 

young people, with 1.6-3.8 million cases yearly (Voss et al., 2015).  

Numerous diagnostic criteria exist for MTBI, with the classification provided by 

the World Health Organization (WHO) being among the most cited ones (Carroll et 

al., 2004a). According to this classification, MTBI is caused by mechanical energy 

generated by external physical forces and directed to the head, causing one or more 

of the following symptoms: alterations in mental status (confusion, disorientation), 

loss of consciousness (for no more than 30 minutes), posttraumatic amnesia (PTA; 

for less than 24 hours) and/or other transient neurological deficits (e.g. seizure, 

intracranial lesion not requiring surgery, focal neurological deficit). Moreover, the 

GCS must range between 13-15 evaluated 30 minutes from injury (or upon arrival 

to health care services). These deficits may not be due to e.g. drugs, alcohol or other 

diseases (Carroll et al., 2004a). GCS, originally designed for assessing the level of 

consciousness in acute settings, is commonly used to aid categorization of TBI 

severity, where GCS 13-15 indicates MTBI, 9-12 indicates moderate TBI and GCS 

< 9 severe TBI (Prins et al., 2013), however, the categorization is not made solely 

based on the GCS score. 

The diagnostic criteria for MTBI allow a wide range of clinical findings and 

symptoms creating a challenge in evaluating the outcome of MTBI – a head trauma 

with minor confusion and a few minutes of PTA compared to a trauma with 30 

minutes of unconsciousness and 24 hours of PTA sound rather different, but both 

can be defined as MTBI. Therefore, multiple efforts to provide MTBI 

subclassifications have been made, however, they are mainly used in sports related 

MTBI. In sports, it’s important to immediately assess the athletes and evaluate the 

severity of MTBI, because this guides the timing of return to play, which is essential 

in terms of the athletes’ career (McCrory et al., 2017) and in order to avoid secondary 

injury due to new MTBI. The term concussion corresponds to very mild TBI i.e., 

the alterations in brain functions, amnesia and possible LOC are transient, very short 

in duration and there are no intracranial abnormalities in radiological examination 

(Brain injuries: Current Care Guidelines, 2021). However, in other situations than 

sports, such fast and accurate assessment of MTBI using specific subclassifications 

is often not possible.   

Also classification based on imaging findings have been established, roughly 

dividing MTBIs into uncomplicated with no lesions in initial CT scans and 



 

26 

complicated with some abnormal trauma-related findings in CT. Approximately 5-

10% of MTBI patients have traumatic lesions in CT scans (Smits et al., 2008). 

Complicated MTBI has been reported to cause worse long-term outcomes (Dikmen 

et al., 2017; Nelson et al., 2019; Smits et al., 2008) and longer recovery time before 

returning to work (Iverson et al., 2012) than uncomplicated MTBI, however, 

sometimes no association with trauma-related lesions and outcomes have been 

found (Wäljas et al., 2015) or they are reversed, with uncomplicated MTBI causing 

worse outcomes than complicated MTBI (McMahon et al., 2014). 

The diversity of MTBI poses a significant challenge when it comes to assessing 

prognosis, recovery and need for rehabilitation after the trauma. Recent opinions 

concerning TBI in general guide towards the concept of precision medicine, where 

treatment and rehabilitation options would be more individualized and more refined 

classifications would replace the traditional “mild - moderate - severe” -axis (Maas 

et al., 2022). MTBI typically leaves no detectable injuries in traditional CT/MRI 

scans, no neurological deficits and no major deficits in neuropsychological tests. 

These measures may not be sensitive enough to capture challenges caused by 

microstructural level brain trauma. This isn’t a problem when patients recover well, 

but with ongoing symptoms and lack of objective evidence of brain injury, patients 

are left without proper support, treatment and rehabilitation, causing decreased 

quality of life and even long-term disablement, with high cost to the society as well. 

Prolongation of post-concussion symptoms 

Common symptoms associated with MTBI may be divided into separate categories 

of cognitive, emotional and somatic symptoms (Katz et al., 2015; Potter et al., 2006). 

Somatic symptoms include headache, dizziness/vertigo, balance problems, nausea, 

vomiting, blurry/double vision or sensitivity to light, sensitivity to noises, numbness 

or tingling, fatigue and problems with sleep. The most common cognitive symptoms 

are trouble concentrating, distractibility, memory problems, decreased information 

processing speed and problems in attention and other EFs. Emotional symptoms 

include irritability, emotional lability, sadness, depression, anxiety and sometimes 

apathy (Lagacé-Legendre et al., 2021; Tator et al., 2016; Theadom et al., 2016).  

It has been noted that symptoms associated with MTBI typically spontaneously 

resolve within 1-2 weeks (McCrea et al., 2009) and don’t usually persist over one to 

three months (Belanger et al., 2005; Carroll et al., 2004b; McCrea et al., 2009). 

However, in some individuals post-concussion symptoms evolve into a late phase 

disorder. Prevalence of prolonged PCS varies between studies for many reasons, one 
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of them being discrepancies in defining prolonged symptoms. Symptom 

prolongation is reported in minimum of 10-25% of patients (Carroll et al., 2014; 

Ruff, 2005) but figures of 34-50% (Dikmen et al., 2017; Oldenburg et al., 2016; 

Theadom et al., 2016) up to even 82% of patients reporting at least one concussion-

related symptom long-term (McMahon et al., 2014) have been published. In recent 

studies, 73-87 % of patients with MTBI had incomplete recovery at 2 weeks after 

the injury (Madhok et al., 2022; Nelson et al., 2019), 56% still had incomplete 

recovery at 6 months (Madhok et al., 2022) and 53% at one year (Nelson et al., 2019), 

contradicting the previously suggested pattern of symptom resolution. On the other 

hand, 10% of MTBI patients reported no PCS 2 weeks after the trauma but 57% of 

them developed symptoms later on, symptom development being more common 

among individuals with higher anxiety and depression (De Koning et al., 2018). Even 

though only a minority of patients would suffer from prolonged symptoms, the high 

incidence of MTBI results in a significant number of individuals with enduring 

symptoms.  

The nature of prolonged post-concussion symptoms has been controversial. One 

view states that despite negative imaging findings there are underlying 

microstructural damage explaining the ongoing symptomatology. The other view 

states that prolonged symptoms are most probably explained by pre-injury 

psychosocial factors and not due to the injury per se (Ruff, 2005). Pre-injury 

psychiatric problems are a well-known risk factor for prolonged PCS (Oldenburg et 

al., 2018; Ponsford et al., 2019; Wäljas et al., 2015). Also female sex (Tator et al., 

2016; Theadom et al., 2016), extracranial injuries (Tator et al., 2016; Wäljas et al., 

2015), living alone (Theadom et al., 2016), being non-white (Theadom et al., 2016) 

and involvement in litigation (Carroll et al., 2004b; Tator et al., 2016) have been 

associated with increased number of PCS. Lower psychological resilience and higher 

stress levels (Oldenburg et al., 2018), lower premorbid cognitive reserve (Oldenburg 

et al., 2016), large number of initial PCS (Oldenburg et al., 2018; Tator et al., 2016) 

and being symptomatic one month after the injury (Wäljas et al., 2015) have been 

associated with symptom prolongation. On the other hand, it’s suggested that lack 

of validation for the experienced symptoms (i.e. lesions in brain imaging) makes 

people complain more about them, in order to get explanations and justification 

(Shenton et al., 2012).  

The association between prolongation of PCS, injury severity and structural 

alterations is inconsistent. Some studies haven’t found an association between injury 

severity and prolonged symptoms (Carroll et al., 2004b; Wäljas et al., 2015) whereas 

in other studies complicated MTBI is associated with worse outcome (Carroll et al., 
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2004b; Dikmen et al., 2017). Loss of consciousness has been either associated 

(Ponsford et al., 2019; Tator et al., 2016) or not associated with persistent PCS (Sterr 

et al., 2006). Some studies have detected association between microstructural 

alterations in white matter and PCS or their prolongation (Hartikainen et al., 2010b; 

Khong et al., 2016), whereas some studies have not (Ilvesmäki et al., 2014; Wäljas et 

al., 2014, 2015). A recent study reported that higher axonal and mean diffusivity at 

two weeks after MTBI was associated with better long-term outcome (Palacios et al., 

2022). However, symptoms considered post-concussive, like headache, memory- or 

concentration problems are unspecific and very common in the general population, 

or in conditions like chronic pain (Smith-Seemiller et al., 2003), making it very 

difficult to evaluate these patients with high false positive rate in diagnostics (Dean 

et al., 2012; Wäljas et al., 2015). Thus, some studies conclude post-concussion 

syndrome is not specific to MTBI but related to it (Dean et al., 2012; Katz et al., 

2015). Nevertheless, headache and cognitive challenges discriminate patients with 

MTBI and PCS from subjects with PCS without MTBI (Dean et al., 2012). 

Summing up, the current view of the nature of prolonged PCS is multifactorial, 

consisting of both pre- and postinjury conditions and biopsychosocial factors, 

including injury-related microstructural and physiological alterations in brain 

structure and functioning, leading into different symptom presentations (Silverberg 

& Iverson, 2011; van der Horn et al., 2020). The initial biochemical alterations and 

consequent neuroinflammation underlie the initial symptoms and may lead to 

dysfunction of neural networks (van der Horn et al., 2020). Disturbances in emotion 

regulation networks make individuals susceptible to chronic stress, which, combined 

with hormonal, physiological and personality-related factors may maintain PCS 

partly via chronic alterations of these networks (van der Horn et al., 2020). 

Emotional resilience may be important in recovery from MTBI, as emotionally 

resilient patients had less white matter alterations and better outcome compared to 

neuropsychiatrically distressed patients, in whom the white matter alterations even 

increased over time (Cai et al., 2022). In other words, it's not just the impact itself, 

it’s the brain the impact is directed to – even genetic factors affect the outcome of 

TBI (Maas et al., 2022). Premorbid factors such as age, psychological factors, 

underlying brain disorders and coping strategies define the initial capacity of the 

brain to deal with a new impact from the outside. Biological structural alterations 

and psychological conditions constantly interact, thus a similar impact can result in 

many different outcomes in different subjects. 
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Cognitive dysfunction 

Cognitive symptoms like slowed thinking, confusion and amnesia are common 

immediately after MTBI (Carroll et al., 2014). Cognitive deficits are often reported 

by patients themselves, but objective evidence for them is sparse. Challenges in 

working memory (WM), attention, executive functions and information processing 

speed are the most frequent complaints long-term (Rabinowitz and Levin, 2014). In 

a meta-analysis, cognitive deficits were observed 48h up to 2 weeks after MTBI 

(Carroll et al., 2014). Improvement in cognitive tests with possible residual 

difficulties were observed at one month and also at three and six months after the 

injury, however, the number of studies assessing this was sparse limiting the evidence 

(Carroll et al., 2014). According to other meta-analyses, most patients are free from 

cognitive sequelae at three months post-injury and also perform normally in 

neuropsychological tests by then (Belanger et al., 2005; Frencham et al., 2005). 

However, in a recent study, 13.5% of MTBI patients had poor cognitive outcome at 

1 year after the injury (Schneider et al., 2022).  

Despite traditional neuropsychological tests typically lacking sensitivity for 

capturing subtle cognitive deficits after MTBI, some studies have detected such 

deficits (Konrad et al., 2011; Oldenburg et al., 2016; Sterr et al., 2006). Usually, minor 

deficits in attention, executive functions, processing speed and memory are observed 

(Frencham et al., 2005). One study detected major neuropsychological deficits in 

many cognitive domains, like episodic and working memory, attention and EFs in 

MTBI patients six years after the trauma compared to controls without head trauma. 

Confounding factors such as malingering, depression and structural lesions were 

carefully excluded thus findings being explained by them is unlikely (Konrad et al., 

2011) even though the results were fairly surprising. In other studies, impaired 

performance in neuropsychological tests have been associated only with complicated 

MTBI (Dikmen et al., 2017) or ongoing PCS (Sterr et al., 2006). On the other hand, 

impaired performance in a challenging WM task has been reported in MTBI patients 

compared to control group irrespective of PCS status (Oldenburg et al., 2016). 

When traditional neuropsychological tests fail to detect subtle alterations in post-

injury cognitive processing (Hartikainen et al., 2010b; Segalowitz et al., 2001; 

Vanderploeg et al., 2005), combining multiple measures like neuropsychological and 

electrophysiological data may be more likely to reveal them. Mild deficits in complex 

attention and WM are typical findings also in experimental test batteries 

(Vanderploeg et al., 2005). Decreased attention allocation to tasks at hand reflected 

as decreased P3-amplitudes to task-relevant information (Broglio et al., 2009; Moore 



 

30 

et al., 2014; Solbakk et al., 2005) and as decreased P3 amplitudes combined with 

compromised task-performance (Solbakk et al., 1999, 2000) have been observed 

after MTBI. Similarly, deficits in task performance and reduced P3 were observed in 

difficult attention tasks year after MTBI in subjects with no major PCS, whereas an 

easier attention task or traditional neuropsychological tests were not sensitive to 

show any deficits (Bernstein, 2002; Segalowitz et al., 2001). Increased P3a and 

reduced P3b potentials coupled with slower RTs and compromised performance in 

tasks requiring fast visuospatial attention and attentional and cognitive flexibility 

were observed in patients with subacute MTBI whereas in the chronic phase, 

neuropsychological deficits vanished but ERP alterations persisted (Bolduc-Teasdale 

et al., 2019). Moreover, reduced N2 amplitudes in context with novelty detection 

(Broglio et al., 2009) as well as increased N2 amplitudes in a switch task indexing 

increased stimulus-response conflict or increased need to allocate more cognitive 

control to the task (Moore et al., 2014) are reported. 

Impaired executive function performance after MTBI has been observed by 

Hartikainen and colleagues, who used a reaction time (RT) test burdening multiple 

EFs detecting worse performance in symptomatic compared to non-symptomatic 

subjects with MTBI (Hartikainen et al., 2010b). Decreased P3 amplitudes in 

combination with worse task-performance (Gosselin et al., 2012) and reduced 

dorsolateral prefrontal cortex (DLPFC) activity and N350 potentials during a WM 

task despite intact task-performance have been observed in MTBI, the DLPFC 

activity reduction correlating with PCS severity (Gosselin et al., 2011). Milder deficits 

in an EF task and a task requiring emotion perception a few months post-MTBI has 

been linked with altered cerebral blood flow in the acute phase (Metting et al., 2014). 

Finally, in a study combining neurocognitive tests, fMRI and DTI, it was suggested 

that MTBI compromises WM capacity due to microstructural axonal alterations 

(Dean et al., 2015). Compromised WM capacity is compensated with increased 

attention allocation to current tasks and decreased attention allocation to task-

irrelevant items, possibly leading to secondary PCS symptoms, like fatigue and 

headaches. 

Damage to connections of frontal-subcortical circuits is suggested to underlie 

cognitive complaints and executive dysfunction after brain trauma (McDonald et al., 

2002). DTI provides a tool for studying the alterations in axonal integrity and its 

contribution to cognitive symptoms after TBI (Hulkower et al., 2013). DTI helps in 

detecting DAI when it’s not visible in routine MRI, moreover, modern methods like 

constrained spherical deconvolution (CSD) may be even more sensitive to DAI in 

crossing axonal fibers (Tallus et al., 2023). Fractional anisotrophy (FA) is a measure 
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of axonal diffusivity and describes the structural integrity of an axon. Increased FA 

values are seen in acute to sub-acute phases of MTBI (Mayer et al., 2010), however, 

the results are mixed with also reduced FA detected in the acute phase (Arfanakis et 

al., 2002). Theoretically, increased FA reflects axonal swelling, whereas decreased 

values may be seen in more chronic phases (Mohammadian et al., 2020), reflecting 

axonal damage. Increased FA and decreased apparent diffusion coefficient in the 

midbrain regions were observed in context with impaired EF performance in 

symptomatic patients with mild to moderate TBI, suggesting disrupted meso-frontal 

neural circuits underlie the persistent symptoms (Hartikainen et al., 2010b). 

Decreased FA in the DLPFC was correlated with impaired EF performance in 

subacute MTBI (Lipton et al., 2009) and overall decreased FA values were correlated 

with slower RTs in a simple attentional task in a more chronic phase (Niogi et al., 

2008) suggesting axonal injury contributes to the observed EF deficiencies. 

To conclude, minor dysfunction in attention and executive functions may be 

observed after MTBI. These dysfunctions may be detected in traditional 

neuropsychological tests but manifest more clearly in experimental tasks burdening 

several executive functions simultaneously (Hartikainen et al., 2010b). Combining 

objective measures like ERPs, fMRI and DTI helps in detecting these minor 

alterations. ERPs are a relevant tool for studying cognitive deficits after MTBI. 

Alterations in the N2 and P3 ERP components are most frequently reported, but 

large variation in methodology and on the other hand, large overlap in ERP 

alterations to e.g. psychiatric conditions poses challenges, thus no consensus on ERP 

findings due to MTBI has emerged (Gomes and Damborská, 2017). 

Affective dysfunction 

Emotional symptoms are common after MTBI. Frequently reported emotional 

symptoms range from mild symptoms of irritability, emotional lability and sadness 

to more prominent and persistent symptoms of depression, anxiety and sometimes 

apathy (Lagacé-Legendre et al., 2021; Tator et al., 2016; Theadom et al., 2016). Rates 

of affective disorders including depression, anxiety and adjustment disorders are 

highest during the first year after MTBI, with 23% of MTBI patients reported to 

suffer from them, nevertheless, also 14% of control subjects had affective disorders 

during that time (Delmonico et al., 2022). Emotional symptom prolongation or 

evolvement into clinical disorders like major depressive disorder (MDD) have strong 

effects on subjects’ lives. Depression and anxiety are typically assessed with 
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subjective questionnaires, like the Beck’s depression inventory (BDI), however, these 

don’t reveal the pathophysiological basis for the experienced symptoms. 

Prevalence of depression ranges from 17-61% after TBI in general and around 

17-18% for MTBI (Rapoport, 2012) but reported prevalence differs between studies, 

with as low prevalence as 9% of patients having probable depression at both 3 and 

6 months after MTBI, corresponding prevalence in the orthopedic control group 

being 3% and 5.5% (Stein et al., 2019) Pre-injury depression, alcohol dependence 

and personality disorders are common in subjects with TBI (Koponen et al., 2011) 

and pre-injury depression along with lower education and being black raise the risk 

for MDD (Stein et al., 2019). The weights-adjusted prevalence for either MDD or 

post-traumatic stress disorder (PTSD) was 20.2% for the MTBI group vs 8.7% for 

an orthopedic control group three months after the injury, underlining the 

comorbidity of these disorders (Stein et al., 2019). Depression may manifest 

immediately after MTBI but also later on, risk for later depression increasing with 

multiple concussions and pre-injury depression (Yrondi et al., 2017). However, it’s 

often difficult to distinguish between PCS and depression symptoms, as they are 

highly overlapping. More depression and anxiety acutely after the injury are 

associated with prolonged PCS (Oldenburg et al., 2018). Timely recognition of 

depression and initiation of treatment and rehabilitation as well as being able to spot 

patients prone to developing depression would be important, as depression and 

anxiety predict functional limitations after MTBI (Zahniser et al., 2019). 

It's proposed that depression in general results from dysfunction of cortico-

limbic networks, where the balance between activity of dorsal and ventral networks, 

responsible for controlling emotion and the behavior elicited by them, is altered 

(Fitzgerald et al., 2008; Mayberg, 1997). MTBI may damage the connections between 

these cortico-subcortical circuits thus depression due to MTBI could be 

hypothesized to originate from network problem due to this damage. Depression 

and MTBI share similar alterations in functional connectivity of the limbic-frontal 

networks and these alterations coupled with overactivity of the anterior cingulate 

and orbitofrontal cortices may contribute to emotional symptoms after MTBI (Chen 

et al., 2008). Similar results have been obtained in lesion studies, where lesion to the 

DLPFC results in increased depressive symptoms and lesion to the OFC/VMPFC 

results in reduction of them, corresponding to hypoactive DLPFC and hyperactive 

VMPFC mediating depression (Koenigs and Grafman, 2009). 
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Biomarkers of MTBI 

Biomarkers of MTBI are measurable factors that reflect altered brain structure, 

function or biochemical environment due to brain injury. Objective ways of 

assessing possible MTBI both in acute settings in the emergency department as well 

as in long-term evaluation of PCS are needed, and many different biomarkers are 

under investigation.  

Blood-based biomarkers reflecting damage to different neuronal structures, like 

the S100B protein, glial fibrillary acidic protein (GFAP) and ubiquitin carboxyl-

terminal hydrolase isoenzyme L1 (UCH-L1) protein have been studied as biomarkers 

for TBI (Zetterberg et al., 2013). However, clinical policies of these biomarkers in 

assessing MTBI has not yet been achieved and results vary due to many factors, such 

as different sampling times, analysis methods and other factors affecting the 

expression of these proteins. The GFAP, neurofilament light (NF-L) as well as the 

S100B and different combinations of them are potentially useful in prognostic 

assessment of MTBI (Posti and Tenovuo, 2022) and also the T-tau has been 

correlated with MTBI outcome (Hossain et al., 2020). The GFAP and the NF-L 

were elevated many years after TBI and their levels were correlated with 

microstructural injury in DTI, NF-L levels at eight months post-injury even 

predicting later brain volume loss, suggesting these biomarkers could be useful in 

identifying patients who may develop further neurodegenerative conditions 

(Newcombe et al., 2022). As DAI is a core feature of MTBI, blood biomarkers 

reflecting axonal damage would be beneficial for clinical use (Zetterberg et al., 2013). 

Similarly as blood-based biomarkers have shown to reflect ongoing alterations 

due to past brain trauma, EEG has shown ongoing alterations in subjectively 

symptom-free patients after MTBI compared to healthy controls (Barr et al., 2011), 

suggesting it could offer biomarkers for past TBI. Alterations in spectral power, like 

alterations in the alpha frequency and diffuse slowing of the EEG (Haneef et al., 

2013) have been reported. Even a discriminant variable, differentiating between 

severity of TBI using a combination of EEG spectral power measures, has been 

developed. Correlating with GCS and LOC in the acute phase and 

neuropsychological test performance later on, it was suggested that this variable 

could be used for assessing severity of TBI post-injury (Thatcher et al., 2001). 

However, EEG and ERP findings after MTBI are inconsistent and more research is 

needed to find the most suitable candidates. MTBI is a complex condition thus 

combining several different methods, including imaging, EEG and blood-based 
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biomarkers along with subjective evaluations by patients, could offer more 

comprehensive answers to the unanswered questions regarding it. 

2.1.3 Orbitofrontal cortex (OFC) and OFC injury 

The orbitofrontal cortex, important in integrating emotional content into current 

goals and actions, is located on the rostral and ventral surfaces of the PFC, laying on 

the bony orbits and skull base, hence the name “orbitofrontal”. Due to this location, 

the OFC is especially susceptible for injuries including acceleration-deceleration and 

back-and-forth movement of the brain, such as in coup-contra coup injuries. In 

coup-contra coup injury, contusion occurs at the opposite side than the initial impact 

to the head. In OFC injury, the initial impact frequently occurs to the back of the 

head, like in many ground-level falls. The acceleration-deceleration forces make the 

brain slide over the sharp bony structures, creating tissue damage. Other common 

causes of injury to this region are cerebrovascular insults (particularly rupture of 

aneurysm in the anterior communicating artery) and olfactory meningiomas and their 

surgical removal. In traumatic OFC injury, severity can range from mild complicated 

to severe, however, severe injuries include a more diffuse pathology with the deficits 

observed not necessarily specific to OFC injury.  

Interest in the function of the OFC in emotion-guided behaviors has been 

fascinated by early case studies of patients with OFC lesions, who were described as 

having inappropriate or unusual responding to emotion and social situations and 

problems in decision-making (Schneider & Koenigs, 2017). Probably the most well-

known patient with a large OFC lesion is Phineas Gage, who was a diligent and well-

behaving gentleman until an iron bar accidentally penetrated through his skull when 

he was working on a railway construction site (Harlow, 1868). Big part of his frontal 

lobes including the OFC was damaged, changing his personality to an extent that he 

was left jobless and unrecognizable by his friends (Harlow, 1868). The case of 

“EVR” on the other hand gained OFC damage due to surgical removal of a 

meningioma (Eslinger and Damasio, 1985). “EVR” had intact intelligence but 

changed personality, with pronounced difficulties in motivational and social 

behaviors leading to marital problems, divorce, and unemployment (Eslinger and 

Damasio, 1985). 

Thus, patients with OFC lesion seem to struggle in using emotional information 

to guide their behavior. The OFC is thought to be important in decision-making 

guided by emotional contexts (Bechara, 2004; Bechara et al., 2000) and in 
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interpreting and processing bodily states caused by emotions (Damasio, 1994). With 

OFC lesion, decisions have to be made “without gut feeling”, exhausting cognitive 

decision making with the amount of possible options and leading to “bad” decisions 

(Bechara et al., 2000; Damasio, 1994). Inappropriate behavior was interpreted as 

impulsivity and OFC was considered essential for response inhibition (Bokura et al., 

2001; Horn et al., 2003), current knowledge arguing against this (Murray et al., 2007; 

Solbakk et al., 2014). The OFC is vital in estimating and learning value, particularly 

reward value and using this value-based information to guide further actions 

(Grabenhorst and Rolls, 2011; Rolls, 2000, 2004; Rolls et al., 2020). The OFC 

determines and represents rewarding and non-rewarding information, learns and 

memorizes these representations and forwards them to other brain areas, like the 

anterior cingulate cortex (ACC) and the prefrontal cortex (PFC), to be included in 

further processing (Fellows, 2007; Rolls et al., 2020). Reward-value coding is 

important in everyday-life situations when choosing the best and most appropriate 

actions to take. Ability to update knowledge about what is rewarding and what not 

– i.e. reversal learning – is also attributed to the OFC (Clark et al., 2004; Fellows, 

2007; Fellows and Farah, 2003; Hornak et al., 2004). 

The OFC operates in the interface of cognition and emotion and it’s suggested 

to represent cognitive maps, supplying ongoing functions with an associative, 

behavior controlling area utilized when complex information, such as expectations 

about future or newly learned controversial facts appear (Stalnaker et al., 2015; 

Wilson et al., 2014) and that these maps guide behavior, value encoding being just 

one part of the system (Knudsen and Wallis, 2022). The OFC is critical in action 

monitoring and evaluating outcome expectancies that affect how responses are 

either committed or inhibited (Schoenbaum, Roesch, Stalnaker, & Takahashi, 2009; 

Solbakk et al., 2014), involved in predicting future outcomes based on value and 

updating value-outcome associations (Rudebeck and Murray, 2014). Information on 

reward/non-reward value is by nature emotional, thus the OFC is important in 

integrating emotional value into cognitive and attentional processing and this way 

guiding the most appropriate actions to take. All these processes enable flexible 

reactions in the changing environment and may be impaired due to a lesion to the 

OFC. Due to the vast connectivity of the OFC, its integrator role is easy to 

understand: input to the OFC comes from all sensory areas (Kringelbach and Rolls, 

2004; Rolls, 2004) and there are strong reciprocal links between the OFC and 

amygdala, ACC, hypothalamus and other prefrontal regions (Barbas, 2007; 

Kringelbach and Rolls, 2004). Outputs from the OFC reach the ACC, striatum, 
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insula and the inferior frontal gyrus and there is connectivity between the OFC and 

many other cortical areas (Rolls et al., 2020). The OFC is presented in Figure 1. 

 

 

Figure 1.  The orbitofrontal cortex. The approximate location of the OFC is depicted in red color. 
Upper part of the figure is a sagittal section of the brain showing particularly the medial 
OFC. Lower part of the figure shows the OFC from below. Picture from Wikipedia, adapted 
(the red margins redrawn and the area belonging to the OFC extended) and reproduced 
under the terms of Creative Commons Attribution 3.0 Unported license. 

The OFC has a role in emotion-attention interaction. Lesion to the OFC doesn’t 

affect early perceptual processing of emotion, but impairment in later processing is 

seen (Paulmann et al., 2010). The OFC is activated in context with fearful stimuli, 

even when they are not in the focus of attention (Vuilleumier et al., 2001) and 

enhanced activity on the OFC and the frontoparietal attention network was seen 

upon modulating spatial attention by fear-conditioned stimuli (Armony and Dolan, 

2002), suggesting the OFC may connect signals from attention and emotion 

processing areas. The OFC encodes significance of salient stimuli, aiding in 

attentional prioritization and further behavioral choices (Diekhof et al., 2011). The 

OFC is important in filtering and balancing attention to emotional stimuli (Rule et 

al., 2002), in attentional guidance based on motivation (Mohanty et al., 2008) and in 

the balance of attention to task-relevant and task-irrelevant stimuli, particularly 

emotional stimuli (Hartikainen et al., 2012a). Subjects with OFC injury showed 

attenuated P3 ERPs to novel stimuli, whereas target P3b amplitudes were similar as 

in the control group but the negative slow wave after targets was enhanced, signaling 

possible enhancement of cognitive processing to perform on a similar level to 
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controls (Løvstad et al., 2012). In another study, N2P3a amplitudes to unexpected 

emotional pictures, especially pleasant ones, were increased in the control group but 

not in subjects with OFC lesions, whereas the N2P3b to targets following emotional 

distractors were increased in the OFC group but not in controls (Hartikainen et al., 

2012a). Results of these studies suggest an imbalance in attention allocation to 

emotional/novelty after OFC lesion, favoring target detection over task-irrelevant 

emotional/novel information (Hartikainen et al., 2012a; Løvstad et al., 2012a) thus, 

the OFC may have a role in balancing voluntary and involuntary attention to 

emotion.  

As part of altered processing and interpretation of emotion after OFC lesion, lack 

of empathy, problems in social cognition and challenges in adaptive behaviors 

needed in daily life are reported (Schneider & Koenigs, 2017). Patients with OFC 

lesion are not able to recognize self-conscious emotions, like pride and 

embarrassment as well as healthy controls and may behave socially inappropriately 

(Beer et al., 2003) or fail to evaluate whether they have behaved so even though they 

are aware of social norms (Beer et al., 2006). The OFC has a role in interpreting 

vocal emotional sounds (Hornak, 2003) and the emotional content expressed by 

human faces, with diminished ability to detect subtle facial cues, creating difficulties 

in social situations (Rolls and Grabenhorst, 2008). In several studies, patients with 

OFC were not impaired at recognizing basic facial expressions, like sadness and 

anger (Beer et al., 2003; Hornak, 2003; Willis et al., 2010), but failed to estimate 

whether these faces were easy to approach, e.g. failed to interpret the significance of 

the emotion to oneself (Willis et al., 2010).  

While creating challenges in emotional processing, OFC lesion rarely affects 

cognitive abilities. Subjects with isolated OFC lesions often perform normally in 

traditional neuropsychological tests but report subjective problems in cognition and 

everyday-life activities (Angrilli et al., 1999; Cicerone and Tanenbaum, 1997; Zald 

and Andreotti, 2010). Conventional neuropsychological tests are better suited to 

detect problems related to the DLPFC than the OFC (Stuss, 2011). Patients with 

OFC lesion reported more subjective impairment in EFs measured by the BRIEF-

A (Løvstad et al., 2012a) and were categorized as moderately impaired in everyday-

life activities but showed intact performance in neuropsychological tests and 

intelligence measures (Løvstad et al., 2012b). Both the treating clinicians and the 

patients may be puzzled why trouble in personal life persists despite intact cognitive 

abilities, and due to lack of objective cognitive dysfunction, patients don’t receive 

effective rehabilitation. The difficulties may be more likely to manifest in tasks 

resembling real-life situations where one needs to flexibly shift and consider several 
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factors bearing emotional, social and value information (Schneider and Koenigs, 

2017). Thus, tasks combining cognitive and emotional challenge could be more 

effective in detecting alterations related to OFC injury than pure cognitive 

assessments.  

Finally, human lesion studies on the role of OFC are special because knowledge 

of the functions of the OFC is largely based on animal studies. Previous techniques 

used for creating lesions in animal studies have important limitations and 

experimental tasks to assess the role of OFC differ between species (Wallis, 2012), 

challenging the applicability of results to humans. In previous animal studies OFC 

lesions were created with aspiration method where axons connecting the OFC to 

other areas are likely to be damaged as well. Later, excitotoxic lesions creating more 

isolated cortical damage have refuted some of the previous findings associated with 

OFC damage, suggesting they were more related to damage to connecting neurons 

(Rudebeck and Murray, 2014). Also, catastrophic outcomes of humans with OFC 

lesions are most likely due to wider PFC lesions whereas smaller lesions to the OFC 

rarely produce severe impairments. Functional imaging such as fMRI has been used 

to study the OFC, however, the air-filled sinuses next to the OFC may distort the 

fMRI signal, creating technical difficulties. Thus, human lesion studies offer valuable 

information as discussed in the next section. Even though large cohorts of patients 

with isolated OFC lesions are not readily available, efforts to collect such cohorts 

should be taken, to shed light on the role of OFC in emotion-executive function 

interaction in humans and the effect of OFC damage to it. 

2.1.4 Lesion studies in current neuroscience 

Study of subjects with brain lesions has offered invaluable information on the 

functions of the human brain including cognition and emotion. The lesion method 

dates back to the times of Broca and Wernicke, who discovered brain areas necessary 

for speech production and language understanding (Rorden and Karnath, 2004). The 

idea is simple – with deficit in a specific cognitive function linked with a focal brain 

lesion in otherwise intact brain, the lesioned brain region must have a role in that 

function. Contrasting the traditional view in medical research, where large patient 

populations are needed for reliable results, even one patient with a brain lesion and 

profound deficits in some function is enough to proof the necessity of this area to 

the function. For example, Brenda Milner discovered the role of medial temporal 

lobes in episodic memory based on only one patient, the H.M., who had bilateral 
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temporal lobe resection due to refractory epilepsy and lost his capability to form new 

memories without any other intellectual disabilities (Scoville and Milner, 1957). The 

case of H.M. had enormous impact on the understanding of human memory and 

different memory systems in the human brain. Similarly, interest on the role of the 

OFC was initiated by lesion studies of Phineas Cage (Harlow, 1868) and the “EVR” 

(Eslinger and Damasio, 1985).  

Cognitive neuropsychology is a way to study the cognitive systems via analyzing 

how brain lesion affects them. In the past, scientists had to wait the subjects to die 

before being able to study their brain, but the modern era of imaging enabled lesion 

studies on living subjects. With fMRI and other functional imaging methods and 

with current emphasis on networks as opposed to brain regions, it may seem 

outdated to use the lesion method to establish relationships of brain structure and 

function. It’s often difficult to collect large samples of patients with exactly same 

focal lesions without other brain disorders. Moreover, cooperation between different 

brain areas and networks is vital for many cognitive functions, thus a dysfunction 

created by an isolated lesion may be compensated by output from other brain areas, 

leading to no detected effect of the lesion on performance. However, also fMRI may 

bias interpretation of task-related activations, with activity seen on areas actually 

related to some function but also on areas strongly connected to them, thus the 

observed activity isn’t necessarily critical for the function under investigation 

(Rorden and Karnath, 2004). 

To be able to study cognitive functions and interactions of cognition and emotion 

and the effect of brain lesions to them, appropriate behavioral tasks are needed to 

engage these functions. For study purposes, the tests have to be constructed to 

capture only the phenomena under investigation. For example, the Go/NoGo tasks 

and stop signal tasks can be used to study response inhibition whereas different tasks 

are used for assessment of working memory and cognitive flexibility (Diamond, 

2013). Reaction times and number of errors are commonly used to assess cognitive 

performance. However, many conventional neuropsychological tests have been 

developed to capture profound deficits in EF performance and are not sensitive to 

subtle challenges, moreover, these tests don’t resemble real-life situations with 

distracting, emotional or otherwise salient stimuli competing for attention. Also, 

many objective tests do not correlate well with the subjective symptoms reported. 

The Executive RT Test used in this thesis was designed to mimic real-life situations 

with multiple executive functions engaged simultaneously and emotional stimuli 

embedded in all situations. Significant correlations between test performance (RTs) 

and subjective reporting of EFs (BRIEF-A questionnaire) and a good test-retest 
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reliability have been observed in healthy subjects in the Executive RT Test (Erkkilä 

et al., 2018), encouraging the use of the test in assessments of emotion-EF 

interaction further.  

Summing up, combining the lesion method to suitable behavioral tests provides 

information on the role of the lesion on the cognitive functions burdened in the 

behavioral task. As the lesion method doesn’t allow assessment of the temporal 

course of processing, combining measures with good temporal resolution like the 

EEG-based event-related potential method offers a window to the timeline of these 

events and provides a measure of the electrophysiological functioning of the brain. 

Thus, combining different brain research methods with classical lesion method 

provides invaluable scientific information and insights into neural basis of human 

emotion, cognition and behavior. 

In this thesis, two distinct groups of subjects with brain injuries are evaluated. 

One group has readily visible lesions in the orbitofrontal cortex resulting from either 

trauma or tumor resection, while the other group has mostly no visible brain lesions 

but has experienced brain trauma. Despite variations in lesion origins and locations 

within these groups, the challenges these subjects encounter afterwards are similar – 

both subjects with MTBI and OFC lesion tend to perform well in standard cognitive 

evaluations but suffer from symptoms in daily life, frequently tied to emotional 

contexts. Both of these groups may find themselves lacking a clear explanation for 

their symptoms when no clear evidence of their source is obtained. Studying 

interactions of cognition and emotion using the methods mentioned earlier may 

offer insights into the challenges of these patient groups. 

2.2 Cognitive and Affective Brain Functions 

2.2.1 Attention 

Attention includes the ability to perceive and attend to matters happening both 

outside and inside oneself, and to focus one’s mind on them. In a world full of 

different stimuli and limited processing resources, selective attention is a mechanism 

for selecting which stimuli are prioritized for further processing (Desimone and 

Duncan, 1995). Attention can be consciously directed to stimuli but they may catch 

attention even without conscious processing, thus attention can be voluntary or 

involuntary. Selection of what gains access to attentional resources and focus of 



 

41 

attention is a balance between top-down control mechanisms and bottom-up, 

sensory driven mechanisms (Corbetta and Shulman, 2002; Desimone and Duncan, 

1995; Kastner and Ungerleider, 2000). Bottom-up, stimulus-oriented attentional 

mechanisms prioritize salient, unexpected, or surprising information despite the 

current task goals whereas top-down attention filters out irrelevant and unimportant 

stimuli focusing attention on current goals. Creating biased competition, top-down 

and bottom-up attentional mechanisms can enhance or suppress the representations 

of attended or non-attended stimuli and their features on the extrastriate cortex 

(Desimone, 1998). The bottom-up and top-down attention can be thought as 

synonyms for involuntary and voluntary attention, respectively. Selective attention 

can be thought as a subprocess of EFs, needed in response inhibition and working 

memory but also as an independent function.  

Attention can be directed to objects, their features or locations, the latter called 

spatial attention. Some features or objects may be considered more salient than 

others, leading them to be prioritized in processing. Spatial attention modulates 

activity on the visual cortex (Kastner and Ungerleider, 2000) and selective attention 

facilitates early visual processing, shown as increased P1 ERPs and faster RTs when 

attention is precued to the location where task-relevant information will appear 

(Mangun and Hillyard, 1991). Modulation of visual processing by selective attention 

takes place on the extrastriate cortex (Mangun, 1995) and is largely dependent on the 

frontoparietal attention network (Knight, 1997). Attention can be overt, i.e. directed 

only to the things being looked at or covert, meaning that for example direction of 

gaze may be different than where attention is directed (Gazzaniga et al., 2014a).  

The attention networks reside on fronto-parietal brain regions, with subcortical 

structures like the pulvinar of the thalamus and the superior colliculus of the 

midbrain included (Gazzaniga et al., 2014a). The dorsal attention network is 

responsible for controlled/voluntary spatial attention and includes bilateral frontal 

eye fields (FEF), supplementary eye fields (frontal cortex), the intraparietal sulcus, 

the superior parietal lobule and the precuneus (parietal cortex) (Corbetta and 

Shulman, 2011). Also the lateral prefrontal cortex (LPFC) is essential in voluntary 

attention (Hartikainen and Knight, 2003). The ventral attention network is in charge 

of stimulus-driven attention responding quickly to salient stimuli, is highly right-

lateralized (Hartikainen, 2021), and essential in disengaging and reorienting attention. 

The temporoparietal junction (parietal lobe) and the ventral frontal cortex (Corbetta 

and Shulman, 2011) and also the insula and the cingulate cortex are proposed to 

belong to the ventral attention network (Hahn et al., 2006). Cell recordings from 

monkey cerebral cortex propose timely differences in activation of the dorsal and 
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ventral networks: neurons in the parietal cortex form saliency maps and respond 

quickly to bottom-up stimuli whereas neurons in the LPFC and FEF respond quickly 

when top-down modulation of attention is needed (Buschman and Miller, 2007). 

Even though activation patterns of these attention systems differ, they are highly 

interconnected and cooperating (Corbetta and Shulman, 2011; Vossel et al., 2014). 

2.2.2 Executive functions 

Executive functions are an umbrella term including a collection of higher and 

heterogeneous cognitive functions essential for flexibly planning, initiating, and 

executing tasks, inhibiting non-relevant distractors, changing plans and keeping the 

plans in mind – functions necessary for goal-directed and socially appropriate 

activities in everyday-life. There are several theoretical frameworks of EFs and 

according to Miyake and Friedman’s model, they can be divided into three core 

processes with subprocesses including response inhibition, working memory and 

cognitive flexibility (Diamond, 2013; Miyake et al., 2000). Higher executive 

functions, like logical reasoning, planning and problem solving are based on these 

three core EFs. Combining multi-method approaches gives a more comprehensive 

view of EFs (Toba et al., 2023). 

The prefrontal cortex creates unique surroundings for executive functions, 

receiving input from different areas in charge of somatosensory, emotion-related and 

memory processing thus being the only area capable of combining this information 

into purposeful actions (Royall et al., 2002). The dorsolateral prefrontal cortex is 

particularly important for many executive functions (Szczepanski and Knight, 2014). 

However, EFs rely on wide connections between cortico-cortical and cortico-

subcortical networks, thus the PFC is not the only relevant brain area for them. 

Information from sensory areas is transformed into associative areas and forwarded 

into networks in charge of cognitive control processing (Mesulam, 1998). 

Cooperation of the frontal regions is needed for efficient EFs and PFC lesions may 

cause impairments in these functions (Royall et al., 2002), with lateral PFC lesions 

causing neuropsychological deficits in working memory, response inhibition, 

sustained mental effort and mental switching (Løvstad et al., 2012a). However, the 

PFC has significant capacity to compensate for lesions (Szczepanski and Knight, 

2014) and patients may remain well-functioning despite some sustained damage.  

Response inhibition is the ability to refrain from acting on strong internal or 

external stimuli, engaging in activities that are not advisable at the moment or would 
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e.g. interfere with current goals (Diamond, 2013). Response inhibition can be tested 

in Go/NoGo tasks requiring responding to one cue and refraining from responding 

to another cue and in stop-signal tasks where in some trials just before response 

initiation, a sudden stop-signal appears requiring withholding an already initiated 

response. Inhibitory processes can be divided into response inhibition i.e., actual 

inhibition on a behavioral level and inhibition of interference. Inhibition of 

interference includes cognitive inhibition i.e., inhibition of one’s internal 

representations, like thoughts and memories, and selective attention that is used for 

selecting things attended and not attended to. Thus, selective attention can also be 

viewed as an inhibitory process (Diamond, 2013). The right inferior frontal cortex 

(rIFC) is important for response inhibition (Aron et al., 2014) along with the DLPFC 

(Gläscher et al., 2012), whose role might be more concerned with task rule delivery 

(Aron et al. 2014).  

Working memory means the ability to maintain information in mind and 

manipulate it (Goldman-Rakic, 1995) (differing from short-term memory because it 

only includes maintaining, not manipulating information). WM enables processing 

information further than what was just perceived (Diamond, 2013). Baddeley and 

Hitch suggested that WM consists of three components: the visuospatial sketchpad 

responsible for short-term storage of visuospatial information, the phonological 

loop responsible for storing verbal information, and a central executive acting as the 

control system for these processes (Baddeley and Hitch, 1974). Later, they added the 

episodic buffer, a system capable of integrating multidimensional episodic 

information and acting as a buffer storage between the WM components and also as 

a link between long-term and short-term memory and perception (Baddeley, 2012). 

The DLPFC is fundamental for WM (D’Esposito et al., 1999) and the mediodorsal 

nucleus of the thalamus connecting to DLPFC also has a role (Funahashi, 2013; 

Peräkylä et al., 2017). WM activates a distributed network involving the sensory 

cortices, that transform sensory information towards a behaviorally relevant 

response, and memory-related activity can take place anywhere in this network 

depending on the type of information (Christophel et al., 2017). WM is essential for 

thinking, learning, language and reasoning but also for functions like decision 

making, problem solving and updating constantly needed in the background of 

higher cognitive functions as well as conceptual knowledge and creativity (Diamond, 

2013). The capacity of WM is limited and only a certain amount of information can 

be held in WM at a time (and there are individual differences in this limit). 

Cognitive flexibility includes the concepts of task-switching, set-shifting, 

updating the current actions based on new information and being able to flexibly 
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navigate in complex situations requiring adaptation, thus cognitive flexibility is the 

opposite for rigidity (Diamond, 2013). WM and response inhibition are needed for 

cognitive flexibility, thus is sort of builds upon these EFs. There is no unitary brain 

area for cognitive flexibility, but during such operations, a variety of prefrontal 

regions and frontal-subcortical circuits are activated depending on the task.  

The terms executive functions and cognitive control are often used 

interchangeably and no clear consensus on the possible differences between them 

exists. In this thesis, they are also used interchangeably, however, there are subtle 

differences. Cognitive control is a broader concept and can be used to refer to any 

control activity exerted by cognitive brain circuits whereas executive functions are 

more specified and theoretically separated, even though they work together. 

Cognitive control is a process where relevant stimuli are attended, memorized, 

further processed and responded to. Cognitive control can be reactive or proactive 

and the type of cognitive control needed is sensitive to current contexts (Barceló and 

Cooper, 2018b). Activation on the DLPFC, the ACC and the posterior parietal 

cortex and subcortical areas across multiple executive functions is shown during 

cognitive control, but also domain-specific activations depending on the type of EF 

needed in the task are observed, suggesting a superordinate cognitive control 

network supporting several EFs and specific regions/networks for separate EFs 

(Niendam et al., 2012). Nevertheless, the goal of both cognitive control and EFs is 

to adapt behavior to achieve current goals, thus even though they probably are 

slightly distinct, they share common resources and purpose. 

2.2.3 Emotion 

Emotions are valued responses to stimuli coming from the surrounding world 

through sensory systems or from our inner mental state, and they always include 

alterations in physiological systems, like the autonomic nervous system, and 

behavioral systems (Damasio and Carvalho, 2013; Ochsner and Gross, 2005). In 

contrast to longer lasting moods or feelings, emotions are usually triggered by events 

or stimuli with natural or learned emotional value (Ochsner and Gross, 2005). 

Emotions are thought to comprise of a physiological response, a behavioral response 

and a feeling, with perception and processing of emotion including identification and 

appraisal of the emotion followed by the affective state it produces and finally 

regulation of emotion and behavior (Phillips et al., 2003). Some stimuli have innate 

emotional properties, like threat or other evolutionary important cues, but stimuli 
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may also gain affective significance and become emotionally relevant. Emotional 

valence (e.g., negative versus positive) as well as arousal, i.e., intensity of the 

emotional response, are important in evaluating the effects of emotion.  

Emotions can be divided into basic and complex emotions. Basic emotions are 

characterized by distinctive physiological responses to biologically and evolutionarily 

relevant situations and include facial expressions that are not learned but similar 

across the world, suggesting these emotions are somehow innate (Ekman, 1999; 

Ekman and Cordaro, 2011). On the contrary, complex emotions may be learned in 

different contexts (social, cultural, subjective experience) and may be combinations 

of basic emotions (Gazzaniga et al., 2014b). The term “emotion” originates from 

Latin word “emovere” meaning “to move out”, describing the evolutionary meaning 

of emotions as driving animals to move to and from stimuli important for survival 

(Davis and Montag, 2019) and towards previously adaptive choices (Ekman, 1999). 

Emotions are tied to a two-way motivational system consisting of appetitive and 

defensive systems, either supporting or threatening well-being and survival, thus 

emotions are always significant to the individual (Bradley, 2009), requiring further 

evaluation and processing. Emotions are closely tied to goal-oriented behavior, with 

emotions elicited by stimuli that participate approaching goals, and the resulting 

emotion depending on the outcome, for example if the goal is achieved or not (Rolls 

and Grabenhorst, 2008). 

The right hemisphere is thought to be more concerned with emotional processing 

compared to the left hemisphere which is more involved in rational and language 

processing (Gainotti, 2019; Hartikainen, 2021). The right hemisphere is important in 

perceiving and processing facial affect as well as affective prosody (Demaree 2005). 

The valence-asymmetry hypothesis defines separate functions for the two 

hemispheres in terms of affective processing: the left hemisphere is more engaged 

in processing positive emotion and approach behaviors whereas the right 

hemisphere is more involved in processing negative emotions and withdrawal 

behaviors (Davidson, 1998a; Davidson et al., 1990). Of note, this theory doesn’t 

include emotion perception, to which right-hemispheric dominance is still attributed 

to.  

The cingulate cortex, (the anterior) thalamus, hypothalamus, mamillary bodies, 

hippocampus and sensory cortices were included in the first circuit for emotional 

responses (Papez, 1937) which later was completed by adding the medial temporal 

lobes including the amygdala and the PFC, and named the limbic system (MacLean, 

1949). Later, the concept of the limbic system has been deemed too simple, with 

emotional processing engaging a large, interconnected network of cortical and 
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subcortical structures, adding for example the OFC and the ACC, the somatosensory 

and other high-order sensory cortices and some brainstem nuclei next to the old 

limbic areas (Phillips et al., 2003). Emotions may occur in a matter of seconds, 

sometimes without us noticing thus a fast anatomical route is needed for their 

detection. This automatic processing of emotion involved a route from the retina 

through superior colliculi and the pulvinar of the thalamus to the amygdala (Öhman, 

2005), with the amygdala enhancing early perception of emotional, especially 

negative stimuli (Anderson and Phelps, 2001). The amygdala has a role in 

consolidation of emotional memories and emotion processing in general, but it’s 

especially important in detection and processing of fear and fear conditioning 

(Dalgleish, 2004), activating upon encountering fearful stimuli even when no 

voluntary attention is directed to them (Vuilleumier et al., 2001). Along with the fast 

thalamo-amygdalar route of emotions, a second route to the amygdala via different 

cortical regions allows both fast detection of salient emotion but also re-evaluation 

of the meaning of the stimulus by receiving further information about it (LeDoux, 

1995).  

2.2.4 Emotion-attention interaction 

Balanced cooperation of the voluntary top-down and involuntary bottom-up 

attention networks is essential for smooth emotion-attention interaction. Bottom-

up attention captures stimuli that are salient, unexpected, or biologically or 

emotionally relevant (Hartikainen et al., 2000; Öhman et al., 2001), even when they 

are not relevant for current tasks or goals. This mechanism originates from the time 

of our ancestors, when it has been essential to notice threat, food and potential 

partners and to update current plans if the perceived stimuli require fast actions. 

Emotional and novel stimuli are highly salient, prioritized in attentional networks 

and automatically captured by bottom-up attention mechanisms, allowing their 

significance to be evaluated (Carretié, 2014; Hartikainen and Knight, 2003). First 

level of resource competition takes place on the visual cortex, where stimuli with 

emotional significance receive more processing resources than emotionally neutral 

stimuli (Öhman et al., 2001; Sakaki et al., 2012; Vuilleumier, 2005). Patients with 

right parietal lesions and neglect have been shown to detect pictures of spiders more 

readily than emotionally neutral control stimuli in their contra-lesional hemifield, 

suggesting prioritized access of biologically relevant threat-related stimuli to 

attention networks (Vuilleumier and Schwartz, 2001). Biologically relevant emotional 
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stimuli also increase functional connectivity between the amygdala and the visual 

cortex reflecting bottom-up attention mechanisms (Sakaki et al., 2012).  

Despite the strong potential of emotional stimuli to capture attention, not all 

emotional stimuli are highly relevant, and attention to emotion must be regulated. 

Top-down attentional mechanisms regulate the impact of emotional stimuli on other 

processing depending on the current goals and tasks (Bishop, 2008), as concentrating 

all attentional resources to processing emotion could be detrimental for other 

ongoing activities. Emotional stimuli gaining initial attentional priority can be re-

evaluated and their effect on attention regulated when encountered again. Thus, 

emotion attention interaction is bidirectional: emotional contents may affect 

attention, but attention may be used to guide emotional processing. Many factors 

like salience and task-relevance of the emotional stimuli, and individual factors like 

current motivations and goals affect the final outcome and consequences of this 

interaction.  

Task-irrelevant emotional stimuli capture attention even when not voluntarily 

attended to, thus they impair task-performance, when attentional resources must be 

divided between the task at hand and the emotional distractors (Burra et al., 2016; 

Hartikainen et al., 2000, 2007, 2010a, 2012a; Hodsoll et al., 2011). Hartikainen and 

colleagues showed that emotional distractors increased the number of errors and 

slowed RTs to neutral targets after both pleasant and unpleasant distractors, with 

greater effect after unpleasant distractors (Hartikainen et al., 2000). Later, slowed 

RTs and reduced N2P3 ERPs to neutral targets preceded by unpleasant emotional 

distractors were observed, signaling the interference effect caused by emotional 

distractors on target-related attentional processing (Hartikainen et al., 2007). 

Weinberg and colleagues gained similar results with both negative and positive 

pictures causing decreased P3 amplitudes and slowed RTs to subsequent targets  

(Weinberg and Hajcak, 2011). However, task-irrelevant emotional stimuli have also 

been shown to improve (O’Toole et al., 2011) or have no effect on task-performance 

(Lichtenstein-Vidne et al., 2012). On the contrary, task-relevant emotional stimuli 

usually improve task-performance by attracting more attention to the task, with 

faster RTs in context with negative or fearful task-relevant stimuli compared to 

neutral ones (Kanske and Kotz, 2011; Öhman et al., 2001), but also in context with 

happy but not negative stimuli (Hodsoll et al., 2011).  

The valence of the emotional stimulus is important in attentional competition. 

Threatening or negative stimuli are thought to capture attention more easily because 

of their evolutionary and biological relevance (Öhman et al., 2001; Pourtois and 

Vuilleumier, 2006). This is called the negativity bias. Negative task-irrelevant stimuli 
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elicit larger sensory and cognitive ERPs (Burra et al., 2016; Doallo et al., 2006), 

signaling bottom-up attention capture by negative emotion. Threatening/negative 

pictures may capture early attentional resources reflected as increased P1-potentials, 

whereas positive pictures access attention a little later (P2 and N2 ERPs) (Carretié et 

al., 2004). Attention to negative or threatening stimuli also lasts longer than attention 

to neutral or positive stimuli (Hajcak and Olvet, 2008; Pourtois and Vuilleumier, 

2006). Both positive and negative distractors have been associated with slower RTs 

(Hartikainen et al., 2000; Hodsoll et al., 2011) but negative distractors had a larger 

slowing effect (Hartikainen et al., 2000). In summary, both negative and positive 

stimuli capture more attention compared to neutral stimuli but the effect observed 

is slightly stronger for negative stimuli (Carretié, 2014).  

Also other stimulus- and subject -related factors affect emotion-attention 

interaction (Carretié, 2014). More complex emotional stimuli, like social cues, don’t 

capture attention as automatically as simple biologically relevant cues but require 

more detailed processing and interpretation (Sakaki et al., 2012). Thus, it may be that 

more complex emotional stimuli need further (cognitive) evaluation and when the 

subject is concentrating on something else, they don’t reach this evaluative process 

and have no effect on task-performance. Level of arousal can influence attention 

allocation independent of stimuli valence, usually high-arousing stimuli causing 

stronger attention allocation (Vogt et al., 2008). On the other hand, change in the 

level of arousal has an impact on task performance according to the Yerkes-Dodson 

law (Yerkes and Dodson, 1908), with optimal arousal levels improving performance 

and suboptimal arousal levels, either under- or overarousal, impairing performance. 

The current state, mood and motivations affect attention (Oliveira et al., 2013). 

Mood and emotions may affect the scale of attentional processing: positive emotions 

enhance global-level processing whereas negative moods may narrow processing to 

a more local level (Fredrickson and Branigan, 2005) and negative emotional stimuli 

bias attention to local visual features over global features (Hartikainen et al., 2010a). 

The interaction between emotion and attention is altered in affective brain 

disorders. Anxious individuals allocate more attentional resources to threat than 

non-anxious people (Bishop, 2008) and depressed subjects have attentional bias 

towards negative compared to positive stimuli (Bistricky et al., 2014; Gotlib et al., 

2004; Gotlib and Joormann, 2010; Leppänen, 2006) and challenges in limiting the 

amount and duration of attention to negative stimuli (Gotlib and Joormann, 2010; 

Keller et al., 2019). These results suggest that dysfunctions in emotion-attention 

interaction are closely tied to mood disorders. Decreased DLPFC activity combined 

with increased amygdala activity has been observed when subjects with depression 
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encounter task-irrelevant threat, signaling a bottom-up bias to threat coupled with 

deficient top-down regulation (Fales et al., 2008). Thus, negativity bias in depression 

may origin from impaired top-down control of negative material or enhanced 

bottom-up processing of it, or both. In anxiety, hyperactivity of the amygdala 

combined with hypoactivity of the prefrontal control circuits is suggested, leading to 

overallocation of attention to emotion, probably causing and maintaining anxiety 

(Dolcos et al., 2020). Fast attention allocation to negative or threatening stimuli may 

be beneficial for survival but come with non-beneficial consequences – enhanced 

processing and memorizing of negative affect coupled with mood disorders may 

maintain the vicious cycle in these disorders.  

In addition to many subject-related factors such as mood impacting attention 

allocation to emotional stimuli, task-related factors such as cognitive and perceptual 

load may influence the extent of attention allocation to emotional information.  

According to Lavie’s load theory of attention, during low perceptual load, there is 

attentional capacity left for processing irrelevant stimuli leading to greater distractor 

effect while during high perceptual load, all attentional capacity is used by task-

relevant processing rendering irrelevant items without processing resources and 

minimizing the distractor effect (Lavie, 2005, 2010a). Accordingly, under low 

attentional load bottom-up mechanisms and the amygdala bring emotional stimuli 

into attention and task-performance may be affected (Bishop, 2008), shown as 

impaired performance (Cohen et al., 2011). Thus, low attentional engagement may 

enhance attentional capture by task-irrelevant emotional stimuli, predisposing to 

distraction (Mäki-Marttunen et al., 2014). On the other hand, emotion has also been 

reported to facilitate attention in an easy but not in a difficult task (O’Toole et al., 

2011). A meta-analysis (Carretié, 2014) and a review (Hartikainen, 2021) contradicted 

the load theory stating that emotional distractors, especially negative and threat-

related, capture attention despite the level of attentional load. Stimuli with high 

emotional relevance need to be detected in any circumstances irrespective of the load 

on attentional or cognitive processing, and no consistent evidence of increased 

distractor effect with low attentional load was detected (Carretié, 2014).  

Emotion-attention interaction relies on widely distributed and interacting 

networks. The amygdala activates in the early phase of emotion-attention interaction 

whereas prefrontal control mechanisms are recruited later (Bishop, 2008; Schwabe 

et al., 2011). Task-irrelevant emotionally arousing stimuli recruit both bottom-up 

subcortical areas and top-down frontal control circuits (Bishop, 2008), highlighting 

the biased competition between voluntary and involuntary attention to emotion. The 

PFC is essential in fast detection of salience, as shown by studies where patients with 
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PFC lesions had decreased novelty P3 ERP amplitudes (Daffner et al., 2000a, 2003; 

Knight, 1997). The posterior OFC, ACC and temporoparietal cortex have been 

suggested to contribute to novelty and saliency assessment and integrating this 

information into current goals (Gruber et al., 2010). The OFC, the amygdala and the 

anterior insula create a circuit where emotional information is recognized (the 

amygdala), interpreted and attached to current social and attentional demands (the 

OFC) and brought into consciousness (the insula) (Gainotti, 2019). The ACC is vital 

for attentional control of emotion, with the dorsal ACC activated in conflict 

situations and the ventral ACC suggested to integrate information from the amygdala 

and the dorsal ACC, participating in situations where both emotion and conflict are 

present (Kanske and Kotz, 2011). A preattention network, consisting of the 

amygdala, the insula and the ventral PFC, has shown increased responses to 

emotional distractors and is proposed to precede the actual attention process 

(Carretié, 2014).  

While distributed networks in both hemispheres contribute to emotional and 

attentional processes and their interaction, there is right-hemispheric predominance 

in these processes (Hartikainen, 2021). ERPs and oscillatory activity related to 

emotional picture processing are more prominent on the right hemisphere (Keil et 

al., 2001, 2002). Hartikainen and colleagues observed increased RTs to targets 

presented in the left hemifield in context with emotional, especially negative 

distractors, compared to neutral distractors and compared to right-hemifield targets 

(Hartikainen et al., 2000, 2007) and also reduced P3 amplitudes to left-hemifield 

targets when preceded by negative distractors (Hartikainen et al., 2007), signaling 

that automatic attention allocation to emotion involve particularly the right 

hemisphere and may interfere with top-down attentional capacity. Also, reduced 

N2P3 potentials to global targets preceded by unpleasant distractor images 

compared to local targets were detected, reflecting competition between global 

attention and emotion processing, as global processing is considered right-lateralized 

(Hartikainen et al., 2010a). The attentional network of the right hemisphere is 

sensitive to any emotional but especially unpleasant stimuli and the right hemisphere 

predominantly responsible for emotion-attention interaction (Hartikainen, 2021). 

2.2.5 Emotion-Executive function interaction 

In line with biased competition model of attention (Desimone and Duncan, 1995), 

simultaneous cognitive and emotional processing also compete for limited 
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processing resources. The significance of emotion and the need for actions must be 

evaluated and reactions to emotion controlled while keeping up with current 

cognitive requirements. Thus, shared resources are divided in the best possible way 

based on many factors related to the stimuli and current goals. Cognitive control is 

needed to balance the allocation of resources when facing stress, like situations with 

emotional meaning, in order to adapt to the new situation and return homeostasis 

(Kluwe-Schiavon et al., 2017). Cognitive control is also capacity-limited and different 

tasks and stimuli share the resources (Wu et al., 2023). Brain areas like the 

hypothalamus, the amygdala, the basal forebrain as well as PFC areas like the OFC, 

the cingulate and the insula are involved in emotion-EF interaction (Pessoa, 2010).  

Emotion-EF interaction depends on stimulus properties (affective value, e.g. 

valence and arousal lever of the stimuli), timing, current attentional and task-

demands and relevance of the stimuli and individual properties of processing 

emotion (Okon-Singer et al., 2012). Generally, when there is competition between 

cognitive and emotional processing and processing of emotion is prioritized, 

cognitive processing is left with less resources, leading to impaired task performance 

(Hartikainen, 2021). Task-irrelevant emotional distractors usually impair EF 

performance (Hartikainen et al., 2012b). The dual competition framework suggests 

that emotional stimuli with low threat or minor affective value are attended but 

usually don’t require intense resource allocation, thus they don’t exhaust EF 

processing and don’t impair or may even improve performance if they are task-

relevant. However, if the emotional stimulus is high in threat, it steals more EF 

resources leaving less for the task at hand thus impaired performance (Pessoa, 2009). 

Part of the enhanced resource allocation to emotion is mediated by increased 

attention allocation whereas the actual emotion-EF interaction involves updating 

EFs to meet the new demands created by emotional stimuli, and with increasing 

resource demands this process is saturated, leading to impaired performance (Pessoa, 

2010). Correspondingly, if EFs are under high demand, task-irrelevant distractors 

will probably have a stronger distractor effect on task processing compared to a 

situation where EFs are only moderately burdened. Task-relevant emotion usually 

improves task-performance in EF tasks by attracting more attention to them, but 

also controversial results have been obtained.  

Interference of response inhibition by emotional stimuli has been detected in 

many studies (Hartikainen et al., 2012b; Kalanthroff et al., 2013; Ramos-Loyo et al., 

2013; Verbruggen and De Houwer, 2007). Hartikainen and colleagues (Hartikainen 

et al., 2012b) detected more NoGo-errors in context of task-irrelevant but 

biologically relevant threat-related distractors in contrast to neutral distractors. 
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Threat had no impact on RTs arguing against a general freezing of actions due to 

threat but a true response inhibition effect (Hartikainen et al., 2012b). Other studies 

have observed slower RTs after task-irrelevant negative/threat stimuli (Kalanthroff 

et al., 2013; Sagaspe et al., 2011). However, impaired response inhibition has also 

been observed with task-relevant positive and negative stimuli, with longer P3 ERP 

latencies and  increased RTs to particularly positive stimuli (Ramos-Loyo et al., 

2013). In contrast to impaired response inhibition, faster RTs (Albert et al., 2010; 

Megías et al., 2017) and better accuracy (Megías et al., 2017) have been detected with 

task-relevant positive contexts, but positive contexts have also impaired inhibition 

of a prepotent response, suggesting positive images may engage approach-related 

behaviors and more inhibitory mechanisms are required to control their effect on 

behavior (Albert et al., 2010). Increasing task demands caused more errors with task-

relevant threat versus neutral stimuli (Lindström and Bohlin, 2012) and faster RTs 

in context of low-arousing task-relevant emotional stop signals but longer stop signal 

RTs after a high-threat condition (Pessoa et al., 2012), as examples of competition 

between executive functions and emotional processing.  

In tasks requiring cognitive control, negative emotional stimuli have been shown 

to slow down RTs (Jasinska et al., 2012; Lamm et al., 2013) and decrease the conflict 

adaptation effects typically seen in tasks with congruent and incongruent stimuli 

(Padmala et al., 2011). However, task-irrelevant negative stimuli displayed before a 

conflict task have also improved conflict resolution (Fehring et al., 2019). Improved 

cognitive control has been observed with emotional target stimuli, which elicited 

faster RTs in tasks with cognitive and emotional control (Kanske and Kotz, 2010; 

Zinchenko et al., 2015) and also enhanced the conflict effect shown by larger N2 

potentials in incongruent versus congruent trials (Kanske and Kotz, 2010). The 

effect of emotion on local/global level processing was seen in another study, where 

N2 enhancement for incongruent versus congruent trials was detected with positive 

stimuli, but positive stimuli increased RTs – authors interpreted that negative stimuli 

narrowed the scope of attention, benefitting task performance while positive stimuli 

widened the scope of attention, leading to more interference and worse performance 

(Zinchenko et al., 2017). As an example of the burden on cognitive functions 

affecting processing of emotion, slower RTs to situations with angry compared to 

happy face stimuli coupled with small N2 ERPs were observed with low WM load, 

but this slowing effect vanished with increased WM load coupled with larger N2 and 

reduced LPP waves, suggesting that increased task demands recruited cognitive 

control that overrode the effects of negative stimuli on attention (Van Dillen and 

Derks, 2012). It’s suggested that emotion is actually necessary for cognitive control  
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– detection of a conflict is always an emotion-provoking situation and it wouldn’t be 

a conflict if it didn’t evoke emotions, thus emotion can be viewed as part of cognitive 

control (Inzlicht et al., 2015).  

Depression and anxiety are suggested to be directly related to altered functioning 

of emotional processing regions and unbalanced interactions of emotion and 

cognition (Dolcos et al., 2011). Deficits in cognitive control of emotion, a 

fundamental skill in everyday-life are seen, underlining the role of well-functioning 

emotion-cognitive control interactions in successful actions (Gotlib and Joormann, 

2010). Depressed subjects have more challenges in various EFs like shifting, 

updating and inhibition, particularly in context with negative material (Villalobos et 

al., 2021) and negative emotion is easily caught in their working memory (Joormann, 

2010). Depressed subjects are prone to interpret things as negative, and are impaired 

in cognitive control of negative material (Foland-Ross and Gotlib, 2012). It’s 

proposed that cognitive control deficits existing due to depression may maintain 

cognitive biases towards negative information, leading to difficulties in regulating 

emotion and to ongoing depressive symptoms (Everaert et al., 2017; Villalobos et 

al., 2021). Another option would be the negativity bias starting the cycle, leading to 

challenges in cognitive control of this information, emotion regulation problems and 

subsequently depression (Villalobos et al., 2021).  

Based on the studies reviewed here, there are mixed results concerning the effect 

of emotional stimuli on EFs. Task-irrelevant but biologically relevant stimuli, such 

as threat, usually interfere with response inhibition in a challenging EF task in healthy 

subjects. Task-relevant emotional stimuli may improve cognitive control with more 

processing resources allocated towards the task. However, many task- and stimulus 

-related factors as well as individual-related factors play a role in the outcome. It has 

been suggested that emotional stimuli affect EFs so obviously, that if no effect of 

negative emotion is seen, there must be underlying top down attentional processing 

suppressing this effect and concentrating attentional resources into the task, 

explaining the “lack of effect” (Cohen and Henik, 2012). 

2.3 Electroencephalogram (EEG) 

Nerve cells i.e., neurons are the functional units of brain activity. They comprise of 

the cell body, an axon transferring electrical signals away from it and dendrites, that 

receive signals from other neurons. Signal transmission in the brain is based on 

changing electrical currents and released chemical transmitters. Electrical activity of 
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the neurons is based on both passive flow and active transportation of ions between 

intracellular and extracellular spaces. Flow of ions creates action potentials, which 

transfer the electrical signal from the cell body along the axon to the axon terminal, 

where the axon and dendrites of other cells form a synapse. In the synapse, 

neurotransmitters transfer the signal from one neuron to another and depending on 

the neurotransmitter, the signal can be excitatory or inhibitory.  

Electroencephalogram is used to measure the electrical activity of the neurons. 

Basic EEG is recorded from the scalp using scalp electrodes, but also in-depth 

recordings directly from the cerebral cortex are possible. As electrical potentials 

produced by one neuron are very small and the meninges, the skull and the skin 

create an insulating layer between the electrical activity and the recording electrode, 

standard scalp-EEG is only capable of recording electrical potentials produces by 

synchronous activity of a large group of neurons. Therefore, EEG is virtually 

electrical activity of the large pyramidal neurons, or their postsynaptic potentials 

(Olejniczak, 2006). Voltage is a numerical value for electric current to move from 

one place to another thus voltage measured by an electrode is not an exact voltage 

at that spot, but a difference in voltages between this electrode and the chosen 

reference electrode (Luck, 2005).  

There are certain characteristics of “normal” electrical activity of the human 

brain, depending on the age and state of wakefulness of the brain being measured. 

In normal EEG, the oscillations seen in the back (i.e. occipital area) and in the front 

of the brain differ, and there should be no large differences between EEG on the 

right and left hemispheres. EEG is divided into different frequency bands: delta (1-

4 Hz), theta (4-8 Hz), alpha (8-13 Hz), beta (13-30 Hz) and gamma (30-100 Hz). In 

normal adult wakefulness, the frequency bands range from alpha to gamma 

(Olejniczak, 2006). Alpha band is best visible in the occipital regions in wakeful eyes-

closed state. The slower bands are usually seen during sleep. In clinical settings, EEG 

is used for detecting abnormal electrical activity of the brain, like in helping 

diagnostics of epileptic disorders or in differential diagnosis of disturbed 

consciousness. EEG is also used in evaluating sleep disorders and assessing the 

depth of anesthesia during surgery. 

2.3.1 Frontal alpha asymmetry (FAA) 

Asymmetries of frontal regions are associated with affective processing. Alpha 

power is thought to be inversely related to cognitive activity on that area: more alpha 



 

55 

power corresponds to less cognitive activity and vice versa (Davidson, 1988). Frontal 

alpha asymmetry (FAA) is asymmetry of the spectral alpha power between the right 

and left frontal cortical regions, calculated subtracting the alpha power on the left 

from alpha power on the right frontal regions. Thus, higher scores reflect relatively 

greater activity on the left frontal cortex or less activity on the right frontal cortex 

(greater alpha power on the right or less alpha power on the left, or both) whereas 

lower scores reflect relatively greater activity on the right frontal cortex or relatively 

less activity on the left frontal cortex, following the same logic (Allen et al., 2004; 

Davidson, 1988). Rightward FAA i.e., decreased activity on the left or increased 

activity on the right frontal regions, has been linked with emotional processing 

(Davidson et al., 1990), depression observed in both currently depressed individuals 

(Gotlib et al., 1998; Henriques and Davidson, 1991; Thibodeau et al., 2006) as well 

as subjects with no current but previous depression (Davidson, 1992; Gotlib et al., 

1998) and in individuals vulnerable to depression (Gotlib et al., 1998; Henriques and 

Davidson, 1991; Nusslock et al., 2011). More broadly, rightward FAA has been 

suggested to reflect individual properties of responding to affective stimuli 

(Tomarken et al., 1990) and even emotional control (Wang et al., 2018).  

Hemispheric lateralization of emotional processing, where the right hemisphere 

is considered dominant in perceiving and processing especially negative emotion 

(Gainotti, 2019; Hartikainen, 2021) is closely tied to the idea of FAA. It’s suggested 

that the right anterior regions are more engaged with negative affect and withdrawal 

behaviors whereas the left anterior regions are more engaged with positive affect and 

approach behaviors (Coan and Allen, 2003; Davidson, 1998a; Davidson et al., 1990; 

Demaree et al., 2005; Harmon-Jones et al., 2010), lower FAA values corresponding 

to withdrawal and higher to approach, respectively. However, some negative 

emotions, like anger, may trigger approach behaviors showing increased activity on 

the left frontal cortex (Harmon-Jones et al., 2010) and the evidence for lateralized 

approach-withdrawal systems is not totally uniform (Demaree et al., 2005).  

Hypoactivity of the left frontal cortex has been linked to depression, with brain 

lesions on the left frontal regions causing hypoactivity on these regions (Davidson, 

1998a), suggesting decreased functioning of the approach system. There are effective 

clinical applications based on the same idea, as transcranial magnetic stimulation on 

the left DLPFC has been shown to improve depressive symptoms (Pascual-Leone 

et al., 1996) and is used in treatment-resistant depression. The left PFC is suggested 

to support the approach system by inhibiting the amygdala and maintaining 

behavioral reinforcement contingencies in WM, shortening the time dedicated to 

negative affect and enhancing processing of positive affect i.e., approach behaviors 
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(Davidson, 1998a). The negativity bias and altered processing of negativity in 

depression is likely to be reflected in the functions of cortico-subcortical circuits in 

charge of cognitive control of emotion. If FAA reflects activity of these circuits, 

alterations in FAA could reflect alterations in emotion processing underlying 

depression and anxiety.  

Direct evidence of FAA reflecting the function of these emotion processing 

circuits is gained from neuromodulation studies. Electrical stimulation of a key node 

of the limbic system, the anterior nucleus of thalamus (ANT) and the vagus nerve 

(VNS) had effects on FAA in patients with epilepsy (Sun et al., 2017a, 2017b). 

Stimulation on the ANT shifted FAA more rightward with pronounced activity on 

the right frontal regions. Stimulation also slowed RTs in context with threat-related 

distractor in the Executive RT Test the subjects were simultaneously performing. 

Furthermore, FAA and RTs to emotional distractors were correlated (Sun et al., 

2017a). Similar slowing of RTs in context with threat-related distractors and more 

rightward FAA was detected with VNS turned on (Sun et al., 2017b). As the ANT 

belongs to the limbic circuitry and the vagus nerve is important in many processes 

regulating the autonomic nervous system and emotion, it’s suggested that FAA could 

be used as a biomarker for the effect of neuromodulation on affective brain circuits 

(Sun et al., 2017a, 2017b). Manipulating activity in the limbic circuitry and 

simultaneously engaging subjects with a task requiring emotion EF interaction 

suggests that the FAA observed reflects activity of the fronto-thalamic circuits 

responsible for these interactions (Hartikainen, 2021).  

FAA recorded during performance of tasks with emotional content, may offer a 

stronger measure for FAA on both individual and group level (Allen and Reznik, 

2015; Coan et al., 2006; Stewart et al., 2011) as it engages emotion processing circuits 

and mimics the everyday-life situations people encounter. Traditional FAA studies 

have used resting state recordings, but individual resting state FAA correlates with 

FAA during task performance (Davidson, 1992). Simultaneous cognitive processing 

reduces mind wandering and allows for assessing emotion-cognition interaction, 

thus using a task such as the Executive RT Test, burdening cognitive and emotional 

processing simultaneously, could be beneficial.  

Rightward FAA is best described as an individual marker of vulnerability to 

develop affective disorders (Allen and Reznik, 2015; Davidson, 1998b). Thus, FAA 

could be a very useful biomarker for MTBI, as emotional symptoms and vulnerability 

to depression are common after MTBI and these symptoms are associated with 

minor trauma to cortico-subcortical circuitries (Hartikainen et al., 2010b; McAllister, 

2011; McDonald et al., 2002). To my knowledge, only one study investigating FAA 
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after MTBI is published. Moore and colleagues (Moore et al., 2016) studied male 

athletes and assessed FAA more than nine months after the trauma. Subjects with 

MTBI reported being completely symptom-free at the time of testing, however, they 

had increased rightward FAA in a resting-state recording compared to controls with 

no previous MTBI. Rightward FAA correlated with self-reports of depression and 

anxiety in concussed athletes only, giving further support to FAA reflecting the 

physiological mechanisms behind affective disorders after MTBI (Moore et al., 

2016). FAA might be used as a prognostic biomarker for depression (van der Vinne 

et al., 2019), suggesting it could be utilized in evaluating the probability of future 

depression after MTBI, where post-concussion depression is common but the 

physiological mechanisms behind it remain uncovered. Thus, the use of FAA in 

assessing subjects with MTBI is encouraged. 

2.3.2 Event-related potentials (ERPs) 

Basics of ERPs 

Event-related potentials are small voltage fluctuations reflecting some physical or 

mental event (Picton et al., 2000) and cognitive processes such as attention, memory 

and other higher-level functions (Duncan et al., 2009). EEG is full of background 

activity thus ERPs can’t be directly viewed from raw EEG data. When averaging 

multiple times over a certain condition, the random background electrical activity 

decreases revealing the ERPs. Because ERPs reflect electrical activity of the brain, 

the same concepts apply here as in raw EEG – ERPs represent differences in brain 

activity between the site that they are measured from and the reference area (Luck, 

2005). ERPs are time-locked to a stimulus and thus excellent in reflecting time-

locked phenomena, like cognitive processing, with a resolution of milliseconds, 

whereas the locations of these phenomena are more difficult to estimate at least 

without source localization methods.  

ERPs have positive or negative polarities. They are usually named based on the 

polarity and latency; e.g. P300 = “positive waveform appearing 300 millisecond after 

the stimulus” and N200 = “negative waveform appearing 200 milliseconds after the 

stimulus, or the order of the peak, e.g. P300 = “third positive peak” (Lang et al., 

1994). Amplitude (in microvolts) is the most used parameter in defining the 

magnitude of the ERP and also latencies (time from stimulus onset to the highest 

peak) are used. Different ERPs have somewhat typical scalp distributions. There are 



 

58 

early sensory ERPs reflecting merely sensory (visual, auditory) processes that happen 

before more accurate evaluation of the stimulus and later cognitive ERPs that reflect 

further processing of information. 

P300 

The P3 potential, discovered by Sutton and colleagues (Sutton et al., 1965), appears 

300-700 milliseconds (ms) after stimulus presentation and is largest on the 

centroparietal region. The P3 reflects activity on a widespread corticolimbic network 

including mesial temporal structures (hippocampus), the PFC and temporoparietal 

regions (Knight and Scabini, 1998; Soltani and Knight, 2000), with the 

temporoparietal junction being important in generating the P3, reflecting its role in 

attentional circuitries (Polich, 2007). The P3 is sensitive to all sorts of sensory stimuli 

and a task is needed to generate it. P3 can be divided into two subcomponents, the 

P3a and P3b (Squires et al., 1975).  

The P3a reflects novelty detection over attention to targets, showing signs of 

habituation in repeated testing (Debener et al., 2002; Soltani and Knight, 2000) and 

is usually larger on the right hemisphere, as the right hemisphere is dominant in 

attention (Daffner et al., 2000b). Even though the P3a often appears after stimuli 

brought into attention via bottom-up mechanisms, it more likely reflects top-down 

evaluation of novelty and the amount of attentional resources necessary to allocate 

to it (Daffner et al., 2000b, 2003) or updating needed when choosing relevant actions 

upon appearance of something unexpected, extending the role of the P3a from a 

reactive potential to part of the voluntary control of selective attention (Barcelo et 

al., 2006). The P3b reflects voluntary attention directed to targets and has its 

maximum on the centroparietal regions, more posteriorly than the P3a (Knight, 

1984). The P3b is evoked when information is processed beyond initial attention on 

temporoparietal areas, reflecting engagement of context updating and memory 

processing (Polich, 2007). It’s also suggested that the P3b reflects inhibitory activity 

needed when terminating current activities and switching to new ones brought up 

by attentional networks (Schupp et al., 1994). Recently, the role of P3b was extended 

far away from attention, suggesting it reflects reactivation of stimulus-response -

links, memory storage of information and closure of cognitive loops once the 

relevant performance is achieved (Verleger, 2020).  

The P3 reflects the amount of attentional resources allocated to a task thus larger 

P3 amplitudes are seen with more attention allocated (Kok, 2001). P3 latency is 

thought to reflect the speed of stimulus classification and evaluation (Duncan-
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Johnson, 1981). The P3 is sensitive to emotion, with larger P3 potentials detected in 

context with emotional compared to neutral stimuli (Delplanque et al., 2006; Kayser 

et al., 2000; Keil et al., 2002; Weinberg and Hajcak, 2011; Zhang and Lu, 2012), 

however, effect of valence on the P3 is not clear. P3 amplitude is decreased with 

increased target probability (Polich, 1987), increasing task-difficulty (Kok, 2001; 

Polich, 1987) and higher WM load (Li et al., 2010). In tasks requiring response 

inhibition, the NoGo P3 is located frontocentrally (Bokura et al., 2001), peaks earlier 

(Benikos et al., 2013) and has larger amplitude (Kiefer et al., 1998) than the Go P3, 

reflecting response inhibition or response cancellation (Groom and Cragg, 2015; 

Kok et al., 2004; Randall and Smith, 2011).  

The P3 has been used to study clinical populations to show alterations in 

cognitive processing compared to populations with no neurological or psychiatric 

disorders. Consistent results of altered P3 have been collected from patients with 

schizophrenia (Ford et al., 1999), dementing disorders (Polich et al., 1986), ADHD 

(Barry et al., 2003) and TBI (Duncan et al., 2005). Keeping in mind the well 

documented role of P3 in attention processing and the deficits in this cognitive 

function in many central nervous system pathologies, use of P3 in further clinical 

studies is well justified. 

N200 

The N2 is the second negative deflection of an ERP, typically appearing between 

200 to 350 ms after stimulus onset. The N2 has also been divided into 

subcomponents. It’s suggested that there is a frontocentral N2 reflecting visual 

attention to mismatch or novelty, another frontocentral N2 reflecting cognitive 

control and a third N2, that is located more posteriorly and is related to visual 

attention (Folstein and Van Petten, 2008). The N2 reflects initial cognitive control 

especially in tasks requiring response inhibition (Donkers and Van Boxtel, 2004; 

Megías et al., 2017), and the N2 amplitude is increased with more cognitive control 

recruited, whereas sequential adaptation of cognitive control results in decreased 

amplitudes (Feldman and Freitas, 2018). The N2 is increased in context with 

incongruent compared to congruent tasks (Groom and Cragg, 2015; Randall and 

Smith, 2011; Zinchenko et al., 2015) and with increasing task difficulty levels in a 

Go/NoGo discrimination task (Benikos et al., 2013) emphasizing its’ role as a 

marker of response conflict. The NoGo N2 sources have been located to the right 

frontocentral areas; the ACC and right OFC (Bokura et al., 2001) as well as to the 
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PFC in general. The ACC as the source for the N2 corresponds to its role in conflict 

monitoring (Heidlmayr et al., 2020).  

The N2 is sensitive to emotion, reflecting attention capture by emotional 

distractor stimuli (Carretié, 2014). Effects of emotion on the N2 have been detected 

particularly in conflict tasks, with larger N2 in context of positive emotional stimuli 

in incongruent compared to congruent condition (Zinchenko et al., 2017) and larger 

N2 in incongruent compared to congruent trials when the trial involved negative 

words, signaling potential early integration of conflict and emotion -related 

information (Kanske and Kotz, 2010). However, also decreased Go and NoGo N2 

amplitudes have been detected following emotional compared to neutral pictures 

(Zhang and Lu, 2012), thus, the effect of emotion on N2 may be different in varying 

emotional situations, whereas the increase in N2 with response conflict is well 

documented. 

The N2P3 complex 

Single peak measurements can be more easily contaminated by slow wave 

fluctuations and other data distortions especially in clinical populations, thus a peak-

to-peak measure allows subtracting these away yielding a more robust measure of 

electrical activity. The N2P3 peak-to-peak amplitude is constructed by subtracting 

the N2 amplitude from the P3 amplitude. N2 and P3 reflect separate cognitive 

processes as mentioned above but are both related to attentional processing. 

Classically, a novel stimulus creates a N2 complex followed by a novelty P3a and 

target stimulus creates a N2 followed by a target P3b. Larger N2P3 peak-to-peak 

amplitudes have been detected in context with novel and infrequent target stimuli 

compared to frequent targets (Daffner et al., 1998), or after deviant stimuli (Daffner 

et al., 2000c) suggesting the N2P3 complex may reflect orienting to and processing 

of relevant information. The N2P3 complex has been applied as an index reflecting 

alterations in emotion-attention interaction due to neuromodulation (Sun et al., 

2015) and focal brain lesion, specifically to OFC (Hartikainen et al., 2012a) and used 

in previous studies of our group as an index of attention allocation (Hartikainen et 

al., 2007, 2010a). Figure 2 shows an example of the N2P3 complex. 



 

61 

 

Figure 2.  Examples of the N2, P3 and the N2P3 complex. The N2 is best visualized on the frontal 
plain whereas the P3 is largest on the parietal plain. The ERPs presented here are grand 
average ERPs from control subjects with no head injury during the Executive RT Test in 
Go-situation where the emotional stimulus is presented at 300ms, thus N2 is located 
around 500ms (200 ms from the emotional stimulus) and P3 at approximately 600ms for 
the same reason. Fz = frontocentral electrode, Cz = central electrode, Pz = central parietal 
electrode. The ERP figure is constructed from data recorded in our research group and 
published by Sun and colleagues (Sun et al., 2016); this figure has not been published 
previously. 

The late positive potential (LPP) 

The LPP is a positive potential beginning 300-400 ms after stimulus presentation 

and continuing beyond stimulus offset. The LPP is often most pronounced 400-600 

ms after the stimulus, has maximum amplitude on the centroparietal regions and is 

elicited both after briefly and longer presented stimuli (Schupp et al., 2004). The LPP 

reflects attention and processing of emotional stimuli, being larger after negative or 

positive compared to neutral stimuli (Brown et al., 2012; Hajcak and Olvet, 2008; 

Keil et al., 2001; Sabatinelli et al., 2007; Weinberg and Hajcak, 2011). The LPP also 

reflects the duration of attention to emotional stimuli, enhancement of LPP lasting 

longer after negative compared to neutral/positive stimuli but also after positive 

compared to neutral stimuli (Hajcak and Olvet, 2008). LPPs are larger when 

emotional stimuli are only attended to whereas successful reappraisal reduces them 

(Hajcak and Nieuwenhuis, 2006). Finally, the LPP may reflect shared processing 
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resources of significant stimuli with the P3 waveform, as large LPPs to the previous 

stimuli can lead to smaller P3 amplitudes and longer RTs to subsequent targets – 

increased processing of significant emotion reduces the availability of attentional 

resources to targets (Weinberg and Hajcak, 2011). Thus, modulation of the LPP may 

reflect stimulus significance, defining the amount of processing resources devoted 

to this compared to other processes (Hajcak and Foti, 2020).  

Differences in stimulus properties like complexity modulate earlier ERP 

components but late slow potentials are strongly modulated by significance of the 

stimuli, like emotion, and the response is not strongly habituating with stimulus 

repetition (Bradley, 2009). LPP has been correlated with activity on posterior visual 

processing areas, reflecting motivational sensitivity of these areas to the emotional 

content being processed (Sabatinelli et al., 2007). Reduced LPPs to emotional stimuli 

have been detected in depressive disorders and in subjects with higher risk of 

developing depression, highlighting the possibility of the LPP in research for 

psychopathology (Hajcak and Foti, 2020). 
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3 AIMS AND OBJECTIVES 

This thesis has the following aims: 

a. To shed light on the impact of MTBI on the interaction of attention, emotion and 

executive functions and on the neural correlates of these interactions. 

b. To develop and evaluate a novel EEG-based biomarker for MTBI. More 

specifically, to assess whether task and emotion induced frontal EEG alpha 

asymmetry could be used as a biomarker of MTBI. 

c. To delineate the role of the orbitofrontal cortex in emotion-attention and 

emotion-executive function interaction and in the balance between top-down and 

bottom-up attention. 

d. To better understand how OFC injury alters emotion-attention and emotion-

cognitive control interactions and the underlying neural dynamics.  
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4 MATERIALS AND METHODS 

4.1 Subjects 

4.1.1 The MTBI Group 

The MTBI group consisted of 27 subjects (12 females, 15 males, mean age 41.1 years, 

mean years of education 16.1 years) recruited from Tampere University Hospital 

emergency room between January 2010 and May 2012. During emergency room 

visit, subjects were clinically evaluated, underwent a CT scan and were diagnosed 

with MTBI using the WHO criteria for MTBI (Carroll et al., 2004a). The study group 

was initially recruited to the Tampere Traumatic Head and Brain Injury Study, which 

was an observational case-control study aimed to evaluate long-term outcomes of 

MTBI, more detailed information available elsewhere (Luoto, 2014). Injury 

characteristics and post-concussion symptoms divided in three different categories 

(somatic symptoms, cognitive symptoms, emotional symptoms) for the MTBI group 

are presented in Table 1. 

Invitation letters to participate in our study assessing the effects of MTBI in 

affective and cognitive functions were sent to the MTBI study cohort, and subjects 

willing to participate gave their written informed consent according to the 

declaration of Helsinki. Exclusion criteria were previous neurological or psychiatric 

challenges, previous MTBI, need for neurosurgical procedures, use of psychoactive 

medications, challenges with hearing or vision, arriving at the hospital > 72 hours 

after the trauma and other than Finnish as one’s native language. Average time 

between MTBI and the EEG recording with the behavioral task was 20.4 months 

(SD = 6.9 months, range 9-37 months), thus no acute injuries were included. The 

study was approved by the Ethical Committee of Tampere University Hospital. Data 

from the same MTBI group were used for studies I and IV.  
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Table 1.  Injury characteristics and post-concussion symptoms of subjects with MTBI. The 
“fall/sports” category indicates instances where the injury occurred due to falling during a sporting 
activity (such as falling while riding a horse). LOC = loss of consciousness, presented in seconds. 
PTA = post-traumatic amnesia, presented in minutes. n/a indicates this information was not 
clearly documented for that particular subject. RPQ = Rivermead Post Concussion Symptoms 
Questionnaire. Current somatic, cognitive and emotional symptoms are documented here, with 
the numbers indicating the amount and/or severity of symptoms (a higher number indicating more 
or more severe symptoms). A similar logic is utilized in BDI (Beck’s depression inventory), 
assessing possible depressive symptoms. The data reveals that there were 12 subjects without 
current symptoms and 15 subjects with ongoing symptoms. The total RPQ scores were not 
primarily influenced by emotional symptoms, with an average score of 1.49 points for emotional 
symptoms as compared to 1.7 points for somatic symptoms and 1.6 points for cognitive 
symptoms. 

Subject Injury 
type 

LOC 
(seconds) 

PTA 
(minutes) 

Symptoms RPQ 
Somatic 

RPQ 
Cognitive 

RPQ 
Emotional 

BDI 

1 Fall/sports 120-180 0 No 0 0 0 3 

2 Traffic n/a 150 No 0 0 0 0 

3 Fall 30 15 Yes 4 2 0 8 

4 Assault 120 30 No 0 0 0 0 

5 Traffic n/a 1320 Yes 0 2 4 1 

6 Traffic n/a 2.5 Yes 12 12 12 30 

7 Fall 180-300 840 Yes 0 2 0 6 

8 Fall/sports 300 0 Yes 11 6 10 16 

9 Assault 5 0 Yes 4 0 0 6 

10 Fall/sports 0 390 Yes 4 2 0 2 

11 Sports 50 270 No 0 0 0 0 

12 Fall/sports 0 60 Yes 2 4 2 2 

13 Sports 60 15 No 0 0 0 0 

14 Traffic n/a n/a No 0 0 0 0 

15 Traffic n/a 360 Yes 5 6 4 3 

16 Sports n/a 60 No 0 0 0 11 

17 Traffic 0 300 Yes 0 2 0 2 

18 Sports 0 0 Yes 2 6 6 15 

19 Fall 120 0 Yes 2 0 0 4 

20 Sports 0 1 Yes 0 0 0 4 

21 Fall 0 120 No 0 0 0 3 

22 Assault n/a 540 Yes 0 0 2 7 

23 Traffic 120 390 No 0 0 0 1 

24 Traffic 300 360 No 0 0 0 1 

25 Fall 0 10 No 0 0 0 1 

26 Fall 0 240 No 0 0 0 2 

27 Fall 0 60 Yes 0 0 0 4 
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4.1.2 The OFC lesion group 

The OFC lesion group consisted of 16 subjects, who were referred to the study by 

an experienced neuroradiologist working in Tampere University Hospital. Exclusion 

criteria were previous neurological disorders, significant abuse of alcohol or other 

substances and current moderate or severe depression as well as diffuse/multiple 

brain lesions. Lesion etiologies were TBI, resection of olfactory meningioma and 

subarachnoidal hemorrhage. The subjects with traumatic OFC injury were classified 

as having moderate traumatic brain injury. The lesion charts and lesion 

characteristics of subjects with OFC injury can be seen in Figure 3. and Table 2.  

In study II, three subjects were excluded from data analysis due to unsatisfactory 

ERPs leaving 13 subjects in the final sample (12 males, 1 female, mean age 54.3 years, 

mean education 13 years). 12 subjects of the same cohort participated in study III 

(11 males, 1 female, mean age 58 years, mean education 13 years). No subjects with 

acute lesions were included (mean time 34 months from the injury to the study visit, 

range 6-156 months). The study was approved by the ethical committee of Tampere 

University Hospital and patients provided their written consent according to the 

Declaration of Helsinki. 

 

 

Figure 3.  Lesion overlay of all subjects with OFC lesions (n = 13). The colors indicate the number of 
subjects with lesions focused on that area; brighter colors (yellow) indicating more 
subjects with lesion to that area and darker colors (red, brown) indicating fewer subjects 
with lesion to the area. Illustrations of lesions of individual subjects are visible in the 
original communications (studies II and III). 

4.1.3 The Control Groups 

The control group for the MTBI group consisted of 18 subjects (11 females, 7 males, 

mean age 40.7 years, mean education 15.9 years). These subjects were diagnosed with 

ankle injury but no head injury and recruited from Tampere University Hospital 

Emergency room between January 2010 and May 2012, belonging to the cohort of 

The Tampere Traumatic Head and Brain Injury Study. Same exclusion criteria as 

well as similar recruitment in our study were applied as for the MTBI group. An 

accident leading to medical conditions requiring emergency room visit can result in 
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functional and psychosocial consequences, thus having a control group with 

orthopedic injuries is beneficial, as both groups have encountered traumatic events, 

making them more comparable and reducing the possibility of symptoms and 

findings being only due to the psychological factors related to the traumatic event.  

Table 2.  OFC lesion characteristics. Lesion etiologies, lesion sizes (in cubic centimetres), 
laterality and the corresponding Brodmann areas are presented. TBI = traumatic brain injury; 
SAH = subarachnoidal hemorrhage; OM = operated meningioma. 

Subject Etiology of Injury Lesion Size (ccm) Side of Lesion Brodmann Areas 

1 TBI 2.43 Both 11, 20, 36, 38 

2 TBI 2.94 Right 10, 11 

3 TBI 1.36 Right 10, 11 

4 SAH 11.58 Right 10, 11, 25, 32 

5 OM 34.25 Both 9, 10, 11, 24, 25, 32, 45, 46, 47, 48 

6 OM 49.29 Both 9, 10, 11, 25, 32, 45, 46, 47, 48 

7 OM 4.34 Left 10, 11 

8 TBI 1.57 Right 10, 11 

9 TBI 39.08 Both 10, 11, 25, 32, 38, 46, 47, 48 

10 TBI 19.13 Both 10, 11, 20, 21, 25, 34, 36, 38, 46, 47, 48 

11 TBI 2.99 Left 11,25, 48 

12 TBI 10.65 Both 10, 11, 20, 25, 28, 34, 38, 46, 47, 48 

13 TBI 3.62 Both 10, 11, 20, 38 

Mean  14.1   

The same control group and the same EEG recordings were used in studies I and 

IV, as in study I we studied ERPs and behavioral data whereas in study IV we 

assessed emotional modulation of FAA. All the 18 control subjects participated in 

study IV whereas in study I, 17 subjects were included (one subject from the initial 

cohort excluded due to unsatisfactory ERPs) (11 females, 6 males, mean age 40 years, 

mean years of education 15.8 years). In studies I and IV, the groups were well 

matched with sex, age, and education level. In study II, an older subgroup of the 

ankle injury group was used (n = 11; 6 males, 5 females, mean age 45.4 years, mean 

education 15.4 years) as controls for the OFC group. This was done to reduce the 

effect of age on results in both the behavioral task and ERPs, as subjects with OFC 

lesion were older, however, the resulting groups still differed in age.  
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In study III, we used a convenience sample of 12 participants (6 males, 6 females, 

mean age 53 years, mean education 15 years), recruited from subjects that had 

previously participated in some study of our research group i.e., who had completed 

the Executive Reaction Time Test previously. This approach was considered 

necessary to reduce the effect of learning on between-group differences, as the OFC 

lesion group also completed the Executive RT Test for the second time in study III. 

Also, we wanted to match the ages of groups better and this wouldn’t have been 

possible if the ankle injury control group was re-recruited. The age and education 

levels in study III were thus well-matched but due to male predominance in the OFC 

lesion group, there was sex difference between the groups in both studies II and III. 

For the control group of study III, same exclusion criteria applied as for the OFC 

lesion group. 

4.2 Questionnaire data 

Participants filled in questionnaires assessing background information, possible 

post-concussion symptoms, depressive symptoms, and subjective evaluation of their 

executive function difficulties.  

Beck’s Depression Inventory (BDI-21) (Beck, 1961) was used to assess 

depressive symptoms. BDI includes 21 claims on different symptoms typically 

related to depression and the subjects assess whether these apply to them or not by 

choosing from four different options describing this symptom, ranging from no 

symptoms to very severe symptoms e.g., “I’m not sad – I’m so sad that I can’t take 

it anymore”. Different symptoms related to depression, such as sleep problems, 

mood problems, feelings of guilt, disappointment and irritability are introduced. 

Answers are scored based on the severity of the symptoms reported – no symptoms 

yields 0 points whereas severe symptoms yield 3 points, the highest total score being 

63 points and higher score suggesting more depressive symptoms. The BDI is used 

in clinical settings to assess possible depression but can’t be used to diagnose it, and 

this was not the purpose of this study either. In clinical settings, usually 10 or less 

points in the BDI is considered normal i.e., no signs of depression. The BDI has 

been frequently used in evaluation of possible depressive symptoms in subjects with 

TBI. However, certain symptoms outlined in the questionnaire overlap with post-

concussion symptoms, possibly resulting in an overestimation of true depression 

within TBI populations. 
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To assess participants’ subjective experience of their challenges in executive 

functions in daily life, we used the adult version of the behavior rating inventory of 

executive function (BRIEF-A). The BRIEF-A (Roth et al., 2005) is an inventory 

consisting of 75 items reflecting different executive functions and these items are 

divided into 9 different executive function categories: Inhibit, Shift, Emotional 

Control, Self-Monitor, Initiate, Working Memory, Task-Monitor, Plan/Organize 

and Organization of Materials. These categories are combined to form two summary 

indices: The Metacognition Index (MI) reflecting executive/cognitive control and 

Behavioral Regulation Index (BRI) reflecting behavioral control, and the sum of 

these two summary indices forms the Global Executive Composite (GEC), which is 

a summary score of the whole questionnaire. The inventory also contains three 

validity scores assessing the validity of responding: Negativity scale (checking 

whether the participants have generally negative responding style), Infrequency scale 

(whether the participants report symptoms that are somehow unusual) and 

Inconsistency scale (whether the participants are inconsistent in their responses).  

The BRIEF-A inventory presents claims like “I have bursts of anger” or “I have 

trouble starting things by myself”. The participants must rate whether this applies to 

them or not, by using a scale of three response options: “never”, “sometimes” or 

“often”. The responses are then scored with “never” corresponding to one point, 

“sometimes” to two points and “often” to three points. This yields a raw score for 

all the EF categories, which can be transformed to normative T-scores and 

compared to a standard coeval sample. The adult version of this inventory can be 

used in subjects aged between 18-90 years, to whom standardized scores are 

available. Higher score indicates more challenges in EFs (Roth et al., 2005).  

The BRIEF-A is useful in studying subjects who have challenges in everyday 

executive functions but perform well in traditional neuropsychological tests, such as 

subjects with mild cognitive impairment, cognitive complaints (Rabin et al., 2006) 

and subjects with OFC injury (Løvstad et al., 2012a). The BRIEF-A doesn’t have 

good correlation with neuropsychological tests (Rabin et al., 2006) but was correlated 

to the amount of emotional distress experienced by subjects with OFC injury 

(Løvstad et al., 2012a). The BRIEF-A was useful as supplemental assessment of EFs 

in subjects with severe and moderate TBI (Waid-Ebbs et al., 2012). However, in 

MTBI, abnormal results in the BRIEF-A have mostly been driven by depression 

(Stillman et al., 2020) thus it’s utility in assessing subjective dysexecutive syndrome 

in this patient populations remains somewhat controversial.  

To assess symptoms related to brain injury, all participants filled in the Rivermead 

Post-Concussion Symptoms Questionnaire (RPQ) (King et al., 1995). The RPQ is a 
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validated questionnaire consisting of 16 items that are typical as post-concussion 

symptoms e.g., dizziness, blurred vision, headache and nausea. The respondents 

have to evaluate on a scale, from 0 to 4 whether they have suffered from the 

symptom in question during the last 24 hours and if they did, how much disability it 

caused them (0 = have never suffered from this symptom, 1 = suffered from this 

after the brain injury, but not anymore, 2 = suffered from this during the last 24 

hours and it caused minor disability, 3 = within 24 hours, moderate disability, 4 = 

within 24 hours, severe disability). The maximum score of the questionnaire is 64 

points, higher score indicating more PCS. 

In statistical analyses, we used the total RPQ score including the current 

symptoms and symptoms that had been present initially but were resolved. We also 

analyzed the current score including all the symptoms present within the last 24 

hours independent of severity. Moreover, we divided the symptoms listed in the 

questionnaire in somatic, cognitive and emotional symptoms and used these 

categories in the analysis, as separate categories have been suggested to be a more 

reliable method in assessment than the total score (Potter et al., 2006; Smith-

Seemiller et al., 2003). In study IV, we used the RPQ to determine symptomatic and 

non-symptomatic subjects with MTBI. 

4.3 Behavioral data 

4.3.1 Executive Reaction Time Test with task-irrelevant emotional distractors 

The Executive Reaction Time (RT) Test is a computer-based Go/NoGo visual 

discrimination paradigm combining cognitive challenge and emotional stimuli. 

Invented by Dr Hartikainen, the test was initially used to detect mild executive 

dysfunction in subjects with prolonged post-concussion symptoms after MTBI 

(Hartikainen et al., 2010b). Thereafter, along with assessing subjects with MTBI and 

OFC injury in this thesis, the test has been utilized to assess the effect of threat on 

executive functions and attention in healthy subjects (Hartikainen et al., 2012b), and 

in subjects with epilepsy with either DBS (Hartikainen et al., 2014; Sun et al., 2015) 

or VNS (Sun et al., 2017b) and in subjects with depression (Peräkylä et al., 2021). 

The Executive RT Test has good test-retest reliability and resistance to practice 

effect after sufficient practice. Furthermore, subjective complaints of EF challenges 

in daily life were correlated with objective test results, suggesting this test is well 
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suitable for assessing interactions between emotion, attention and EFs and may even 

reflect general brain health (Erkkilä et al., 2018). With trouble finding suitable and 

sensitive objective measures of EF difficulties after MTBI and OFC injury, such a 

test could offer new opportunities next to traditional neuropsychological paradigms.  

The Executive RT Test engages several EFs: working memory, selective 

attention, response inhibition, rule shifting, updating and emotional control. 

Successful task performance requires fast and accurate responding to targets 

according to current rules and ability to inhibit responding in NoGo-condition and 

to distractors presented simultaneously with the targets. The distractors are threat-

related line drawings of spiders, known to engage attentional networks effectively, 

and emotionally neutral control images (flowers). The response rule changes, so the 

participants have to remember the current rule and be able to flexibly shift between 

changing conditions, like in everyday life situations. The Executive RT test can be 

viewed as a sort of “concurrent but distinct target distractor” -paradigm, where the 

target and the distractor are presented on the screen simultaneously but are physically 

segregated. These kind of paradigms have been observed to be sensitive to exploring 

the effect of emotion on attentional processes (Carretié, 2014) thus emotion-

attention/emotion-EF interactions can be studied using the Executive RT Test.  

To perform the task, participants are seated in a chair, one meter away from the 

computer screen. First, a fixation dot is first presented in the middle of the screen to 

maintain fixed gaze and avoid eye movements. Thereafter, a white triangle is 

presented in the middle of the screen, pointing either upwards or downwards, 

signaling whether the participants have to press a button on a response pad with 

their index finger (triangle downwards) or with their middle finger (triangle upwards). 

However, participants are not allowed to press upon seeing the triangle, but they 

have to wait for a permission – or a stop sign, thus they have to maintain the 

orientation of the triangle in their WM. The triangle stays on the screen for 150ms 

followed by a fixation dot for 150ms. After that, a box shaped as a traffic light 

appears in the middle of the screen, with either a green-colored circle i.e., green light 

or red-colored circle i.e., red light in their putative positions (in regard to real traffic 

lights). Initially, green light indicates a Go signal i.e., a permission to press a button 

on the response pad according to the orientation of the previous triangle. Similarly, 

red light indicates a NoGo signal i.e., a stop sign, where participants have to withhold 

from pressing any buttons and use their response inhibition ability. This rule is 

reversed with every other response block, meaning that the red light indicates a Go-

signal and the green light a NoGo-signal. In the middle spot of the traffic light, where 

yellow light usually is seen, is the task-irrelevant emotional distractor, either a spider 
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or a flower. They are composed of exactly similar black line elements to avoid 

stimuli-related properties, like attractiveness, complexity, color, brightness, 

luminance, or spatial frequency to affect ERPs. A schematic drawing of the 

Executive RT Test is introduced in Figure 4.  

 

 

Figure 4.  The Executive RT Test 

The number of Go vs NoGo blocks, threatening vs neutral distractors, 

orientation of the triangle and hand used for pressing the button (left vs right) are 

all counterbalanced to a 50:50 ratio. Each block consists of 64 trials and the whole 

task includes 16 blocks, resulting in 1024 trials per participant. The participants are 

instructed to respond as quickly and accurately as possible. In a challenging paradigm 

requiring both speed and accuracy, a phenomenon called speed-accuracy tradeoff 

commonly appears: when response speed is faster, the amount of errors committed 

increases and with increased accuracy, the response speed slows down (Benikos et 

al., 2013). Task performance is measured using RTs and three types of errors: Miss, 

meaning that participants don’t press the button when required to, reflecting lapses 

of attention or trouble in initiating a response; Incorrect Errors i.e., pressing the 

wrong button regarding the orientation of the triangle, reflecting lapses in working 

memory and Commission Errors i.e., pressing the button when not supposed to 

press at all indicating challenges in response inhibition (the so-called NoGo-error). 

This original version of the Executive RT Test was used in Study III in this thesis 

whereas a modified version of the test was used in studies I, II and IV. 
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4.3.2 Modified Executive RT Test with task-relevant and task-irrelevant 
emotional stimuli 

In the Modified Executive RT Test, instead of being only task-irrelevant distractors, 

emotional stimuli may also be task-relevant. Thus, this version is somewhat more 

complicated than the original Executive RT Test. Testing conditions, the downward 

or upward pointing white triangle as well as the configurations of the emotional 

stimuli are identical to the original version. Instead of the traffic light, the answering 

cue consists of a black box with either a red or a green circle inside it. The emotional 

stimuli/distractors are located inside the colored circles i.e., presented 

simultaneously and in the exact same location. There are four possible response 

rules. Green Go indicates that participants have to press the mouse button according 

to the orientation of the triangle when the colored circle is green and withhold from 

responding when the color is red, and vice versa (i.e., Red Go). In case of the colors 

being relevant for responding, the emotional figures are task-irrelevant distractors. 

However, when the emotional figures serve as response cues, the colors are task-

irrelevant. Spider Go indicates that participants have to press the mouse button upon 

seeing the spider and withhold from responding upon seeing the flower and vice 

versa (i.e., Flower Go).  

16 blocks with 64 trials per block were included, with the rule for responding 

changing after every block. Four different combinations of block orders were used. 

Half of the participants started responding with the right hand and half with the left 

hand, response hand switched after half of the task was completed. Possible starting 

blocks were Green Go + right hand, Spider Go + left hand, Red Go + left hand and 

Flower Go + right hand. If the initial block was Green Go, the next block was Red 

Go, and this was repeated once, thereafter switching to Spider Go and Flower Go. 

All in all, participants completed 4 blocks per one response rule, two with the right 

hand and two with the left. The amount of Go- and NoGo blocks, orientation of 

the triangle and valence of the emotional stimuli were counterbalanced. Such 

organization was built to reduce other than emotion-related effects of the task to 

ERPs. An exception to this rule was the Control group, in which block order starting 

with Green and Right was used more often than the other orders due to part of the 

Control group serving as controls for another study as well. A schematic 

representation of the Modified Executive RT Test is depicted in Figure 5. 
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Figure 5.  The Modified Executive RT Test. There were four different response rules. Emotion-
relevant and color irrelevant: 1. Go with spider and NoGo with flower. 2. Go with flower 
and NoGo with spider. Color relevant and emotion irrelevant: 3. Go with green and NoGo 
with red. 4. Go with red and NoGo with green. 

Same executive functions were burdened as in the original version of the test, 

with the load on WM, task updating and attention probably being higher in the 

modified version. There were four compared to two response rules, furthermore, 

detecting line drawings as Go/NoGo signals was a harder discrimination task than 

detecting colors red and green. Also, in this version of the task the task-irrelevant 

distractors and task-relevant answering cues were presented at the exact same 

location whereas in the original version, they were a little more separated thus 

potentially affecting the way spatial attention was allocated to them.  

4.4 Electrophysiological data 

4.4.1 EEG recording 

Similar protocol of EEG recording was used for all four studies. Before initiating 

the recording, the head of the participant was measured, the EEG cap size defined, 

and the cap fitted to participant’s head using the nasion-inion and auricular measures: 

electrode Cz was placed in the middle of these lines. The electrodes were prepared 

with SuperVisc high viscosity electrolyte gel for Active Electrodes (Easycap GmbH, 
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Germany), dispensed in the electrode fossa with a blunt needle. The needle was 

rubbed around the electrode fossa to remove hair and dead skin and to establish a 

proper connection between the scalp and the electrode.  

The EEG was recorded using 64 Ag/AgCl active electrode cap with QuickAmp 

Amplifier (Gilching, Germany) and Brain Vision Recorder software (Brain Products, 

GmbH). The sampling rate used to digitize the EEG was 500 Hz. During and after 

preparation, the impedance of the electrodes was constantly checked achieving an 

impedance of less than 5 kΩ for all the electrodes. During recording, the signal 

quality was monitored, and the participants were encouraged to keep the amount of 

artefacts as low as possible, for example by instructing them to avoid blinking during 

the task and to relax their forehead or jaw depending on where muscle activity related 

artefacts were spotted. After recording the data were analyzed offline using Brain 

Vision Analyzer 2 software (Brain Products, GmbH). 

4.4.2 EEG and ERP processing – studies I and II 

Linked mastoids (TP9 and TP10 electrodes) were used as reference electrodes. EEG 

was band-pass filtered to 0.5-30 Hz (24 dB/octave) and a semi-automatic ocular 

correction algorithm based on independent component analysis (ICA) was used to 

correct eye blink artefacts. Data were segmented to 2000 ms segments starting from 

200 ms before stimulus onset (appearance of the white triangle) until 1800 post-

stimulus. Segments with amplitudes exceeding ± 100 microvolts were excluded from 

further analysis. The segments were baseline corrected using the time interval from 

200 ms before the stimulus onset to the stimulus as the base line.  

ERP segments were averaged separately based on the response condition 

(Go/NoGo), Emotional Valence (threat/neutral) and Relevance of the emotional 

stimuli (relevant/irrelevant). Thereafter, the N2 and P3 peaks were identified based 

on visual inspection as the most positive or negative values in a selected time 

window. We aimed to analyze the ERPs elicited by the stimuli containing the 

emotional figures which were presented 300 ms after the initial white triangle cue 

(appearing at time point 0 ms), thus N2 peak detection started earliest at 500 ms. 

The time windows were slightly different in the studies and between task-relevant 

and task-irrelevant threat in study I, probably because the difficulty effect of the task 

was clear in this study, and they are presented in Table 3. Identification of peaks and 

computations of mean amplitudes were performed using MATLAB 12 (Math Works 

Inc., Natick, MA). The N2P3 amplitude was used as a general measure of attention 



 

76 

allocation, and it was calculated with subtracting the N2 amplitude from the P3 

amplitude. 

Table 3.  ERP time windows in studies I and II. 

 
N2, Emotion task-
relevant 

N2, Emotion task-
irrelevant 

P3, Emotion task-
relevant 

P3, Emotion task-
irrelevant 

MTBI Group 550-700 ms 500-650 ms 700-800 ms 650-750 ms 

OFC lesion Group 550-650 ms 550-650 ms 650-800 ms 650-800 ms 

 

4.4.3 EEG and ERP processing – study III 

The EEG data were downsampled to 250 Hz to improve processing speed. 

Thereafter, the data were filtered with IIR filters to 0.01-70 Hz followed by a semi-

automatic eye-blink artefact correction with an ICA based function. Time intervals 

with more than 100 µV voltage difference to the surrounding signal were removed. 

Linked earlobe electrodes were used as re-reference and further filtering to 0.01-30 

Hz was performed. Similarly as in studies I and II, 2000 ms segments were created, 

baseline corrected and averaged based on condition (Go/NoGo) and emotional 

distractor (Threat/Neutral). 

Peak detection was based on visual inspection of the Grand Average ERPs and 

semiautomatic peak detection tool. The N2 was defined as the most negative peak 

in a time window between 450-670 ms and P3 as the most positive peak in a time 

window between 600-900 ms. Peak values were exported for statistical analysis using 

the mean value around the observed peak ± 5 time points from the peak marker. 

4.4.4 EEG processing and FAA – study IV 

The initial EEG processing steps up to eye-blink artefact correction were identical 

to Study III. After that, data were re-referenced to the Cz electrode and further 

filtered to 0.1-30 Hz using bandpass filters. 2000 ms segments starting at the trial 

onset were created and baseline corrected to the first 200 ms of the segment. 

Segments were created followed a similar logic as in studies I and II using response 

condition (Go/NoGo), emotional valence (Threat/Neutral) and relevance of the 

emotional stimuli (Relevant/Irrelevant). Artifact removal from the segments was 
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done by removing amplitudes larger than 80 µV and smaller than – 80 µV. Alpha 

power spectrum (µV²/Hz) was then calculated for the segments by applying the fast 

fourier transformation (FFT), which can transform signal in time domain into 

frequency domain. Thereafter, the alpha power spectrum was averaged for each 

electrode, subject and condition (task-induced alpha power). For statistical analysis, 

alpha power in alpha frequency range 8-12 Hz was exported as area under the curve. 

Finally, frontal alpha asymmetry was calculated as a subtraction score using the F3 

and F4 electrodes: first, alpha power in these electrodes were log-transformed using 

the natural logarithm and then subtracted; FAA = ln(F4) – ln(F3). 

4.5 Statistical analysis 

4.5.1 ERP analysis in studies I and II 

The N2P3 amplitude was used for statistical analysis. As the N2 is best visible on 

the frontocentral and the P3 on parietal areas (Folstein and Van Petten, 2008; 

Knight, 1984), we used frontal (F3, Fz, F4) and central (C3, Cz, C4 ) channels in 

both studies and also parietal (P3, Pz, P4) for Study I with MTBI. In Study I, we ran 

a separate analysis using the central N2 as an index of cognitive control and the 

parietal P3 as an index of allocated attention. We also ran a time-window analysis in 

a time window between 550-850 ms, dividing this window into 50 ms epochs and 

analyzing them separately.  

Statistical analysis of the ERPs was performed with SPSS (SPSSS Inc., Chicago, 

IL) using mixed model analysis of variance (ANOVA), where Group (MTBI, 

Controls or OFC lesion, Controls) served as a between-groups factor and Emotion 

(Threat, Neutral), Relevance (Relevant, Irrelevant) and Region (Frontal, Central, 

Parietal or only Frontal, Central) as within-subjects factors. In study II with subjects 

with OFC lesion, another within-subjects factor Laterality (Left, Medial, Right) was 

added. Separate ANOVAs were conducted for Go- and NoGo-conditions. The 

separate peak analysis for central N2 and parietal P3 in Study I followed the same 

logic, but without the factor Region. Data were corrected for sphericity when 

appropriate. When significant interactions were met, they were followed with post-

hoc t-tests. Multiple comparisons were corrected with the Bonferroni method. 
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4.5.2 ERP analysis in study III 

The N2P3 amplitude was used for statistical analysis. To keep methodology similar 

to studies I and II, and to reduce the number of statistical comparisons, we included 

the same frontal, central and parietal channels. A mixed model ANOVA with Group 

(OFC lesion, Controls) as a between groups factor and Emotion (Threat, Neutral), 

Laterality (Right, Left) and Region (Frontal, Central, Parietal) as within groups 

factors was performed. Separate analysis for the Go- and NoGo-conditions were 

conducted. Data were tested to be normal or close to normal fitting ANOVA 

assumptions. The analysis was performed using R version 3.3.3 (R Core Team, 2017) 

and package “ez” version 4.4-0 for ANOVA (Lawrence, 2016). In case of non-

spherical data, sphericity corrections were applied.  

To analyze the time course of attention allocation to emotional stimuli, we 

constructed a difference waveform by subtracting ERPs in context of the neutral 

distractor from the ERPs in context of the threat distractor (ERP emotional -ERP 

neutral). Difference waveforms are also suitable for minimizing the effect of other 

visual features and artifacts on ERPs. The difference wave was created first and the 

mean amplitude in the selected time windows was used in statistical analysis in 

different time windows in the Go- and NoGo situations as follows: 

1.Go situation: 700-800 ms and 800-900 ms (time window corresponding to the end 

of P3 and LPP), reflecting emotional processing (Hajcak and Nieuwenhuis, 2006). 

2. NoGo situation: 600-700 ms and 700-800 ms (time windows corresponding to the 

N2 and P3 peaks, as these peaks contribute to different phases of response inhibition 

and cognitive control and are be modulated by emotion, the extent of modulation 

reflecting factors related to emotion-cognition interaction (Megías et al., 2017). 

The number of time windows was kept to minimum to control for familywise error 

rate. The difference waveforms were subjected to similar ANOVAs as described 

above but without the factor Emotion. When significant interactions were met, post-

hoc analysis was performed with additional ANOVAs. The level of significance in 

post-hoc analyses on the final ANOVA level was set to p = 0.017 following the 

Bonferroni method. 
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4.5.3 Analysis of FAA in study IV 

The statistical analysis was conducted using R version 3.6.1 (R Core Team, 2015). 

Normality assessment revealed strongly skewed FAA data. Normal distribution was 

not achieved with applying the natural logarithm when calculating the FAA, so we 

decided to remove two outliers creating the left-skew of the data. Subjects with FAA 

values ± 2.5 x SD + the mean were excluded (subjects with FAA values below – 

1.165 and above 0.885), leaving one subject from both groups out of the final 

analysis. Thus, 26 MTBI and 17 control subjects formed the final sample. Levene’s 

test was used to confirm equal variances (package car (Fox and Weisberg, 2019)) and 

packages Psych (Revelle, 2019) and ggplot2 (Wickham, 2016) were used for 

describing and visualizing the data.  

Mixed model ANOVA was used for analyzing the FAA data with Group (MTBI, 

Control) as a between-subjects factor and Emotion (Threat, Neutral) and Relevance 

(Relevant, Irrelevant) as within-subjects factors. A separate three group comparison 

was conducted with the factor Group including three levels (MTBI Symptomatic, 

MTBI Non-symptomatic, Controls). When significant interactions were met, they 

were followed by post-hoc ANOVAs or independent sample t-tests. The Holm 

method was used for correcting multiple comparisons. Even after removing the 

outliers the data were not perfectly normally distributed, thus we confirmed our 

results with non-parametric tests on the original data (with outliers included).  

To be able to investigate the mere effect of threat on alpha asymmetry and to see 

whether threat-related FAA could serve as a biomarker for distinguishing 

symptomatic from non-symptomatic MTBI subjects, we calculated a novel index 

and named it the emotional modulation of FAA (eFAA). This index was created by 

subtracting FAA in context of neutral stimuli from FAA in context of threat stimuli 

(FAA threat – FAA neutral) for each participant. The resulting eFAA was subjected 

to another ANOVA.  

4.5.4 Behavioral data 

Mean reaction times (RTs) and number of errors were used for measuring 

performance in the behavioral task in studies I-III. Behavioral data were not included 

in study IV. As described earlier, there were three types of errors: Misses, Incorrect 

errors and Commission errors (i.e., NoGo error). A mixed model ANOVA was used 

for statistical analysis of the RTs where Group (MTBI, Control or OFC, Control) 

was used as the between-subjects factor and Emotion (Threat, Neutral) and 
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Relevance of the emotional stimuli (Relevant, Irrelevant, apart from study III) as 

within-subjects factors. Analysis was performed with SPSS (SPSS Inc., Chicago) 

(studies I and  II) or R version 3.3.3 (R Core Team, 2017) (study III). In study I, the 

error data analysis was done with similar ANOVA method.  

Studies II and III had smaller sample sizes than study I creating challenges with 

using ANOVA for error analysis: if accuracy information is transformed as a 

percentage value, the resulting distributions are skewed and difficult to transform to 

normal distribution, thus they violate the assumptions of ANOVA (Dixon, 2008; 

Jaeger, 2008). Therefore, generalized binary logistic regression was chosen for error 

analysis. Group (OFC, Control), Emotion (Threat, Neutral) and Emotion Relevance 

(Relevant, Irrelevant) (except for study III where this factor didn’t exist) were used 

as fixed effect predictors and Subject as a random effect predictor, subject being a 

member of either of the groups. The data were checked for outlier blocks, wrong-

rule blocks and outlier subjects before modeling, to reduce the effects of situations 

where the participants for example clearly remembered the response rule incorrectly, 

on final results. These procedures are described in the original articles.  

The error data were dichotomized. In Go-condition, two error types (Miss or 

Incorrect button press) were possible so following this logic, responses could be 

categorized as miss, incorrect or correct. Therefore, Incorrect errors were 

categorized as “incorrect” or “other” (meaning “miss” or “correct) and Misses were 

categorized as “miss” or “other” (“incorrect” or “correct”). In NoGo-condition, 

there were no other error types than Commission errors, thus they were categorized 

as “commission error” or “other”. Total errors were categorized as “error” or 

“correct”. Thereafter, a model for predicting the probability for errors in each 

condition separately was created. When significant interactions were encountered, 

the data was stratified and analyzed with subgroups. The binary logistic regression 

analysis was done using the R versions 3.2.2 (R Core Team, 2015) or 3.3.3 (R Core 

Team, 2017) and the “lme4” package version 1.1.9 and 1.1.13 (Bates et al., 2015). 

4.5.5 Questionnaire data and correlational analysis 

In studies I and II, the SPSS IBM Statistic 20 (SPSS Inc., Chicago, IL) was used for 

statistical analysis of the questionnaire data (BDI, BRIEF-A, RPQ). The normality 

of the data was tested using Kolmogorov-Smirnov and Shapiro-Wilk tests. Most of 

the data were not normally distributed and the sample size quite small, thus a non-

parametric method i.e., the Mann-Whitney U test, was used to compare the average 
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scores of the questionnaires between groups. In study III, the data were also non-

normally distributed and the R version 3.3.3 (R Core Team, 2017) and Wilcoxon 

rank-sum tests for nonparametric comparisons (package coin (Hothorn et al., 2006)) 

were used.  

In study IV, we used the questionnaire data in correlation analysis to see whether 

subjectively reported challenges in executive functions in daily life or depressive and 

post-concussion symptoms correlate with the emotional FAA index (eFAA). We 

correlated the eFAA with scores from selected questionnaires/questionnaire 

sections: BDI, RPQ, RPQ Emotional, BRIEF GEC and BRIEF Emotional Control. 

Analyses were conducted for all three groups (MTBI Symptomatic, MTBI Non-

symptomatic, Controls) together. We chose Spearman’s correlation as the 

questionnaire data were strongly skewed.  
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5 SUMMARY OF RESULTS 

5.1 Altered processing of threat in MTBI 

In studies I and IV in this thesis, subjects with previous MTBI and controls with 

previous ankle injury conducted the Modified Executive RT Test, where emotional 

stimuli could serve as task-irrelevant distractors or task-relevant response cues. In 

study I, ERPs and performance in the behavioral task (RTs and errors) were studied 

whereas in study IV, task-induced FAA was used to reveal possible alterations in 

neural processing related to affective information and its integration to attentional 

and EF processes after MTBI. Further, it was assessed whether emotional stimuli 

modulate FAA obtained during a cognitive task and whether this modulation could 

be used as a potential biomarker for MTBI, distinguishing between symptomatic and 

non-symptomatic subjects. Subjective reports of questionnaires (RPQ, BDI, BRIEF-

A) were included and correlated with emotional modulation of FAA. 

5.1.1 ERP and behavioral data results in MTBI 

In the Go-condition, the N2P3 amplitude was generally larger in both the MTBI and 

the Control group in context of threat-related stimuli compared to neutral stimuli 

(Main effect of Emotion, F = 19.2, p < 0.001, effect size = 0.18,). There was an 

interaction effect of Emotion x Group x Relevance, which was divided by Relevance 

for further analyses, showing that threat-related N2P3 enhancement was particularly 

seen in the MTBI group when threat-related stimuli were task-relevant Go-signals 

(Interaction effect Emotion x Group, F = 6.68, p = 0.013, post-hoc t-test Threat vs 

Neutral in the MTBI group, T = 5.53, p < 0.001, effect size = 0.42). In the Control 

group, such effect was not seen. The Go-ERP results are shown in Figure 6. 

The observed N2P3 enhancement due to threat was further investigated by 

exploring the central N2 peak thought to reflect the amount of cognitive control and 

the parietal P3 peak thought to reflect the amount of attention allocated in each 

condition. The analysis was done on data divided by Relevance because of the 

previous N2P3 results. When threat stimuli were task-relevant, the central N2 
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amplitude was larger in the MTBI group compared to the Control group (Interaction 

Group x Emotion, F = 8.13, p = 0.007, post-hoc t-test in the MTBI group, threat 

vs neutral T = 7.3, p < 0.001, effect size = 0.45). In the parietal P3 peak, there was 

an almost significant effect for enhanced P3 with task-relevant threat in MTBI 

(Interaction effect Emotion x Group, F = 4.32, p = 0.0044, post-hoc t-test in MTBI, 

threat vs neutral: T = 2.00, p = 0.056, effect size 0.14). In further time window 

analysis, task-relevant threat was associated with increased negativity in both groups 

between 550-600 ms (corresponding to the N2 peak, negativity reflecting increased 

N2 amplitudes) whereas such an effect was prolonged to the next time window of 

600-650 ms only in the MTBI group (with p < 0.05 for the significant effects). 

 

 
 

Figure 6.  Enhanced attention and cognitive control resource allocation to threat in MTBI. The figure 
presents ERPs in Go-condition when the emotional threat-related stimuli (spider (NEG) or 
emotionally neutral stimuli (flower (NEU)) were relevant for responding, in MTBI and 
Control groups. Frontal (F3, Fz, F4), central (C3, Cz, C4) and parietal (P3, Pz, P4) 
channels are illustrated. Below the ERPs, the N2P3 peak-to-peak amplitudes in context of 
threat-related emotional (NEG) vs emotionally neutral (NEU) Go-signals in all investigated 
regions collapsed (left), N2 peak amplitude in central (middle) and P3 peak amplitude in 
parietal (right) regions for both groups are presented. The MTBI group had enhanced 
N2P3 and N2 peak amplitudes in context of threat as the Go-signal compared to neutral 
stimuli as the Go-signal. Effect for the parietal P3 was approaching significance. Such 
effects were not detected in Controls. Black solid line = Controls, threat Go; Black dashed 
line = Controls, neutral Go; Gray solid line = MTBI, threat Go; Gray dashed line = MTBI, 
neutral Go. ** p < 0.001. The publisher for this copyrighted material is Mary Ann Liebert, 
Inc. publishers, figure reprinted with permission from study I (Mäki-Marttunen et al., 2015). 
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Also in the NoGo condition, greater N2P3 amplitudes in context of threat 

compared to neutral stimuli were seen (Main effect of Emotion, F = 15.8, p < 0.001, 

effect size 0.2). There was an interaction effect Emotion x Group, showing that 

N2P3 amplitudes were enhanced in context of threat (independent of task-relevance) 

in the MTBI group but not in the Control group (F = 6.29, p = 0.0016, post-hoc t-

test in MTBI, threat vs neutral T = 4.59, p < 0.001, effect size = 0.32). Separate 

analysis on the central N2 peak revealed that both groups showed increased N2 

amplitudes in context of threat (Main effect of Emotion, F = 30.54, p < 0.001). 

There was a close to significant interaction of Group x Emotion and because of 

previous results and interest in group differences in emotion processing, this effect 

was analyzed further dividing the data by group, revealing that enhancement in N2 

amplitudes was relatively larger in the MTBI group (Interaction effect Group x 

Emotion, F = 3.92, p = 0.054, post-hoc t-test in MTBI group, threat vs neutral T = 

5.36, p < 0.001, effect size 0.29; post-hoc t-test in the Control group, threat vs neutral 

T = 2.66, p = 0.016, effect size = 0.16). The analysis of parietal P3 showed no 

significant effects. The NoGo-ERP results are depicted in Figure 7. 

Behavioral results showed that when the colors red and green instead of 

emotional stimuli were relevant for responding, both groups performed the task 

faster (F = 119, p = 0.05, effect size 0.81) and there were no general group 

differences in RTs or errors made, indicating that the groups performed the task at 

comparable levels and this condition was probably easier than the condition where 

emotional stimuli were relevant for responding. However, MTBI subjects were faster 

when emotional stimuli (independent of emotional valence) were task-relevant 

(Interaction effect Group x Relevance, F = 5.5, p = 0.023, post-hoc t-test in Emotion 

Relevant condition, MTBI vs Controls, T = 2.13, p = 0.039, effect size = 0.58) and 

particularly when threat-related stimuli were task-relevant Go-signals (Data divided 

by Group and Task relevance; post-hoc t-test in the Task-relevant condition in the 

MTBI group, threat vs neutral, T = 6.59, p < 0.001, effect size = 0.24). With the 

error data, interaction effect Emotion x Relevance x Group for commission errors 

(F = 4.33, p = 0.043) indicated that the MTBI group made more commission errors 

when threatening stimuli served as task-irrelevant distractors (data divided by 

Emotion and Relevance, post-hoc t-test in Threat Irrelevant condition, MTBI vs 

Controls, T = 2.089, p = 0.044, effect size 1.09). 
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Figure 7.  Enhanced attentional resource allocation in context of threat during response inhibition 
task in MTBI. The figure presents ERPs in NoGo-condition when the emotional threat-
related stimuli (spider (NEG)) or emotionally neutral stimuli (flower (NEU)) were relevant 
for responding, in MTBI and Control groups. In the NoGo-condition, the MTBI group had 
increased N2P3 amplitudes in context of threatening stimuli compared to neutral stimuli, 
both when the stimuli were task-relevant and task-irrelevant. Similar effect was not 
observed in the Control group. As can be seen from the images, the enhancement is 
frontocentrally distributed. Separate analysis of the N2 peak revealed both groups had 
significant enhancement of the N2 peak due to threat, the effect being relatively larger in 
the MTBI group. Black solid line = Controls, threat Go; Black dashed line = Controls, 
neutral Go; Gray solid line = MTBI, threat Go; Gray dashed line = MTBI, neutral Go. * p < 
0.05; ** p < 0.001. The publisher for this copyrighted material is Mary Ann Liebert, Inc. 
publishers, figure reprinted with permission from study I (Mäki-Marttunen et al., 2015). 

5.1.2 Emotional modulation of FAA reflects symptoms in MTBI 

The MTBI group had more negative FAA values compared to the Control group, 

indicating relatively less alpha power on the right frontal plain compared to the left 

frontal plain (Main effect of Group, F(1, 41) = 6.36, p = 0.016, η2
G = 0.13, MTBI 

vs. Controls -0.17 ± 0.32 vs. 0.06 ± 0.25). This suggests that there was greater activity 

on the right compared to the left frontal region, a pattern associated with depression 

(Henriques and Davidson, 1991) or vulnerability to it (Nusslock et al., 2011). Some 

subjects scored more than 10 points in the BDI, which can indicate depression, 
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however, the results remained significant even after removing these subjects from 

the analysis (MTBI group = 4 subjects; BDI scores 11-30 points indicating possible 

mild to severe depression, Control group = 1 subject with BDI score of 11 points 

indicating possible mild depression) and the mean BDI scores weren’t significantly 

different between the groups. The MTBI group reported more current and past 

emotional post-concussion symptoms (depressed/fearful feelings, 

frustration/impatience, irritability/getting angry easily, restlessness) (p < 0.05, MTBI 

vs Controls: 1.81 ± 3.16 points vs 0.41 ± 1.28 points). No other differences between 

the groups in the questionnaires (BRIEF-A, RPQ other categories) were detected.  

 

 

 

Figure 8.  The eFAA index differentiated between the Symptomatic MTBI group and those with no 
symptoms (MTBI Non-symptomatic, Controls). The Symptomatic MTBI group had more 
negative eFAA (FAA threat – FAA neutral), indicating that FAA related to threat was 
different between the groups. From the original publication (Kuusinen et al., 2021), 
reproduced under the terms of Creative Commons Attribution License (CC BY). 

 

We divided the MTBI group into non-symptomatic and symptomatic subjects to 

investigate whether FAA could distinguish between these groups. Main effect of 

Group (F(2, 40) = 3.26, p = 0.049, η2
G = 0.14) and Group x Emotion interaction 

(F(2, 40) = 4.46, p = 0.018, η2
G = 0.0007) were found, but further comparisons didn’t 

yield any significant differences. We decided to further investigate whether isolating 

the mere impact of threat on FAA by creating a difference score eFAA (FAA in 

context of threat-related stimuli – FAA in context of neutral stimuli) could 
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distinguish the groups. Main effect of Group (F(2, 39) = 5.69, p = 0.007, η2
G = 0.23) 

revealed that eFAA was significantly different in the Symptomatic MTBI Group 

compared to the Non-symptomatic MTBI group (t = 2.87, df = 23.717, p = 0.009; 

- 0.019 ± 0.04 vs 0.02 ± 0.03, respectively) and the Symptomatic MTBI group 

compared to the Controls (t = 2.46, df = 21.562, p = 0.022; -0.019 ± 0.04 vs 0.003 

± 0.03, respectively) (Figure 8.). 

In order to evaluate whether subjective reporting of emotion-related symptoms 

and PCS would correlate with the objectively detected alterations in FAA, we did 

correlation analyses on the eFAA and selected questionnaire scores. The analyses 

were conducted for all the three groups together. There was a significant negative 

correlation between the eFAA index and BDI scores (ρ -0.52, p < 0.001), indicating 

that subjects with higher BDI scores had more negative eFAA index. More negative 

eFAA index corresponds to more negative FAA in context of threat. A negative 

correlation between eFAA index and current PCS was also detected (ρ = -0.34, p = 

0.025), with subjects reporting more current post-concussion symptoms having 

more negative eFAA. 

 

5.2 The role of the OFC in emotion-attention interaction 

In studies II and III, the role of the OFC in emotion-attention and emotion-

executive function interaction and the probable alterations in these processes due to 

OFC injury, were studied with two slightly different paradigms. ERPs, behavioral 

data and subjective questionnaires were administered. 

 In study II, the subjects with lesion to the OFC and controls with ankle injury 

conducted the Modified Executive RT Test, where emotional stimuli could act as 

task-relevant response cues and as task-irrelevant distractors. In study III, the OFC 

group and healthy controls conducted the version of the Executive RT test where 

emotional stimuli were only task-irrelevant distractors and not relevant for 

responding. This approach enabled us to both compare how voluntary and 

involuntary attention to emotion was balanced when they were integrated in the 

same task competing for attentional resources as well as to observe how task-

irrelevant emotion is attended to without any competing emotional information, 

after OFC lesion. 
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5.2.1 Emotion-attention interaction after OFC lesion 

In study II, in the Go-condition, the N2P3 amplitude in context of threat stimuli 

compared to neutral stimuli (independent of task relevance) was increased in both 

groups (Main effect of Emotion, F(1, 22) = 10.32, p = 0.004. There was an 

interaction effect between all the factors: Group x Emotion x Relevance x Region x 

Laterality (F(1,22) = 4.00, p = 0.034), further explored by dividing the data by 

Relevance. Further processing in the Emotion Relevant condition revealed that the 

N2P3 amplitude was enhanced with threat as task-relevant Go-signals in subjects 

with OFC lesions and this enhancement was pronounced on the right central regions 

(post-hoc t-test in the OFC lesion group on the right central region, threat vs neutral: 

T = 3.25, p = 0.006, 6.5 µV ± 2.6 µV vs 5.1 µV ± 2.2 µV, respectively). Similar 

effects were not seen in the Control group. ERP effects for Go-condition are 

presented in Figure 9. 

In the NoGo-condition, threat stimuli also elicited larger N2P3 amplitudes in 

general (Main effect of Emotion, F(1,22) = 15.37, p = 0.001). A four-way interaction 

of Group x Emotion x Relevance x Region was detected (p = 0.004). Post-hoc 

comparisons showed that when threat stimulus was a task-relevant NoGo signal, the 

N2P3 amplitude was increased in subjects with OFC lesion and particularly on the 

central region (post-hoc t-test in the OFC lesion group on the central region, threat 

vs neutral: T = 2.57, p = 0.024; 9.4 µV ± 4.3 µV vs 8.1 µV ± 3.2 µV, respectively). 

In the Control group, such effect was not observed. When the emotional stimuli 

were task-irrelevant, no group- or emotion-related differences in the N2P3 

amplitudes were shown. 

In behavioral measures, RTs were faster when colors instead of the emotional 

stimuli were relevant for responding (Main effect of Relevance, F(1,22) = 43.1, p < 

0.001, RT = 567 ± 96 ms vs. 494 ± 100 ms for Emotion Relevant vs. Emotion 

Irrelevant, respectively), indicating that the task with emotional stimuli as task-

relevant cues was more difficult for subjects, as distinguishing between colors is most 

probably easier than distinguishing between black figures. This was further 

supported by error data, as the probability to commit errors of any type was 33% 

higher and the probability to make commission errors 91% higher when emotional 

stimuli were task-relevant compared to when they were not (Total errors, Main effect 

of Relevance, odds ratio (OR) = 1.33; Commission errors, Main effect of Relevance, 

OR = 1.91). Further, there was an interaction of Group x Relevance for all error 

types and the data were stratified by group for further analysis. For both groups, 

there was a significant Main effect of Relevance for all error types, concluding that 
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both groups had more challenges in task performance when emotion was relevant 

to the task, however, the worsening of performance due to task-relevant emotion 

(independent of valence) was relatively greater in the Control group, the OFC group 

committing more errors when emotion was irrelevant to the task and only being 

slightly impaired in performance when emotion became relevant for responding. 

This effect and the ORs are presented in Figure 10. 

 

 

Figure 9.  The OFC lesion group showed enhanced attention allocation to task-relevant threat (Panel 
A). The N2P3 amplitudes in the OFC group were larger in context of threat being task-
relevant Go-signal compared to neutral stimulus. This effect was pronounced on the right 
central plane (C4). Such effect was not seen in the Control group or when emotional 
stimuli were task-irrelevant distractors (panel B). The figures illustrate the grand average 
ERPs in Go-condition for each group with emotional stimuli as task-relevant (A) or task-
irrelevant distractors (B), for frontal (F3, Fz, F4) and central (C3, Cz, C4) planes. Gray 
vertical bar represents the onset of the stimulus (modified traffic light with the emotional 
stimulus). Time = milliseconds. * indicates statistical significance. The publisher for this 
copyrighted material is Mary Ann Liebert, Inc. publishers, figure reprinted with permission 
from study II (Mäki-Marttunen et al., 2017). 
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Figure 10.  Errors in the OFC group and the Control group when emotional stimuli (both threat-related 
and neutral stimuli) were task-relevant or task-irrelevant. In both groups performance level 
was inferior when emotional stimuli were task-relevant in contrast to task-irrelevant in all 
error categories, but the difference in performance levels was somewhat greater in the 
Control group. ORs for Total errors, emotion irrelevant vs emotion relevant: OFC group, 
OR = 1.40 (3.4% vs 4.6%) and Control group, OR = 3.43 (1.5% vs 5.0%). Incorrect 
responses: OFC group, OR = 1.37 (2.2% vs 2.9%) and Control group, OR = 3.04 (1.0% vs 
3.0%). Missed responses: OFC group, OR = 1.39 (0.6% vs 0.8%) and Control group, OR 
= 3.52 (0.2% vs 0.8%); Commission errors OFC group, OR = 1.54 (0.6% vs 0.9% and 
Control group, OR = 5.11 (0.3% vs 1.2%). Error bars indicate standard error. The 
publisher for this copyrighted material is Mary Ann Liebert, Inc. publishers, figure reprinted 
with permission from study II (Mäki-Marttunen et al., 2017). 

Because the ERP results showed enhanced N2P3 amplitudes in context of task-

relevant threat in the OFC group but not in controls and because we had 

hypothesized that lesion to the OFC would lead to alterations in threat-processing, 

we divided the errors according to task-relevance of emotion and analyzed the effect 

of emotional valence in these conditions separately. When threat was task-relevant 

NoGo-signal, the Control group was 76% more probable to make a commission 

error compared to the neutral stimulus serving as the NoGo-signal (OR= 1.76, 0.9% 

vs 1.5%). Such effect was not seen in the OFC group. The OFC group even 
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benefitted from task-relevant threat: they were 38% less likely to miss a response 

when threat served as the Go-signal (OR = 0.62, 1.0% vs 0.6%). Such effect was not 

seen in the Control group. When emotional stimuli were task-irrelevant, the OFC 

group committed slightly more commission errors compared to the controls (Main 

effect of Group, OR = 0.31, 0.6% vs 0.3%). All results of the behavioral data are 

presented in the original article.  

The OFC group also reported more symptoms than the Control group in 

different questionnaires in several categories (Brief-A: Global Executive Composite, 

p = 0.044; Initiate, p = 0.013 and Working Memory, p = 0.013 and RPQ: Previous 

post-concussion symptoms, p = 0.041; Sleep symptoms, p = 0.047; Cognitive 

symptoms, p = 0.030), the results presented in the original article. Interestingly, the 

OFC group reported more difficulties in several cognitive categories but no 

difference in the symptom scores related to emotions (BDI, RPQ emotional 

symptoms, BRIEF Emotional Control). 

5.2.2 Dynamics of affective processing after OFC lesion 

In study III, in the Go-condition, the Control group had right-lateralized increase in 

the N2P3 amplitude in context of threat distractors compared to neutral distractors  

(Interaction Group x Emotion x Laterality (F(1, 21) =4.48, p = 0.046,  η2
G = 0.0004, 

post-hoc ANOVA, Control group, right hemisphere, F(1, 10) = 8.47, p = 0.016, η2
G 

= 0.0061; Emotional = 7.13 µV ± 3.89 µV vs. Neutral = 6.57 µV ± 3.64 µV, 

respectively). Such effect was not detected in the OFC group. In the NoGo-

condition, the N2P3 amplitudes were larger in both groups in context of threat-

related distractors (Main effect of Emotion, F(1, 21) = 8.64, p = 0.008, η2
G = 0.0033; 

Threat = 9.62 µV ± 4.76 µV vs. Neutral = 9.13 µV ± 4.55 µV) and differed 

significantly depending on the brain region. Interaction effect Emotion x Region 

confirmed that this threat-related enhancement of the N2P3 amplitude was present 

in the frontal and central but not in parietal regions (Interaction effect Emotion x 

Region, F(2, 42) = 5.31, p = 0.009, η2
G = 0.0011; post-hoc ANOVA for Frontal 

region, F(1, 22) = 14.78, p = 0.0009, η2
G = 0.0060; Threat = 11.36 µV ± 4.99 µV vs. 

Neutral = 10.63 µV ± 4.71 µV and Central region, F(1, 22) = 13.27, p = 0.0014, η2
G 

= 0.0054; Threat = 10.06 µV ± 4.49 µV vs. Neutral = 9.42 µV ± 4.49 µV).  

To capture the mere effect of emotion on attention allocation and to eliminate 

the effect of other visual features and artifacts on ERPs, we created a difference 

waveform (ERP Threat – ERP Neutral) and analyzed it in selected time windows. 
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In the Go-condition, time windows 700-800 ms and 800-900 ms were chosen, 

corresponding to the P3 peak and the subsequent LPP. In the 700-800 ms time 

window, an interaction effect Group x Laterality x Region was detected (F(2, 42) = 

3.51, p = 0.039, η2
G = 0.024). Further analysis of the data divided by Group showed 

that there was a greater positivity over the left parietal cortex in the OFC group, i.e. 

emotion elicited a positivity here (Post-hoc ANOVA in the OFC group, parietal 

Region, F(1, 11) = 13.15, p = 0.004, η2
G = 0.16, Left Parietal = 0.61 µV ± 0.83 µV 

vs. Right Parietal = −0.019 µV ± 0.67 µV). A group x Laterality x Region interaction 

was also detected in the 800-900 ms time window (F(2, 42) = 5.38, p = 0.008, η2
G = 

0.019), revealing similar positivity on the left parietal region in the OFC group (Post-

hoc ANOVA in the OFC group, parietal region, F(1, 11) = 8.71, p = 0.013, η2
G = 

0.072, Left Parietal = 0.65 µV ± 0.89 µV vs. Right Parietal = 0.18 µV ± 0.89 µV). 

These effects were not present in the Control group. Visual inspection of ERP 

waveforms showed that the observed positivities corresponded to the P3 and the 

following LPP. The observed effects are depicted in Figure 11.  

In the NoGo-condition, the time windows used for the analysis were 600-700 ms 

and 700-800 ms, corresponding to the N2 and P3 peaks. These time windows were 

chosen because in the NoGo-task, they reflect different phases of response 

inhibition (Groom and Cragg, 2015) and are sensitive to modulation by emotion. In 

the 600-700 ms time window, there was a Main effect of Group (F(1, 21) = 4.53, p 

= 0.045, η2
G = 0.11, OFC = −0.50 µV ± 0.66 µV vs. Control = 0.18 µV ± 0.88 µV), 

showing a pronounced negativity in the OFC lesion group in this time window. 

Visual inspection of the ERPs showed increased negativity i.e., larger N2 amplitudes 

in context of threatening compared to neutral distractors in the OFC group. Thus, 

we ran a separate analysis of the N2 peak using the original data (no difference 

waves). In the OFC group, Main effect of Emotion (F(1, 11) = 5.46, p = 0.039,  η2
G 

=  0.0040) confirmed that threatening compared to neutral distractors elicited larger 

(i.e., more negative) N2 potentials (Threat = −1.62 µV ± 3.03 µV vs. Neutral = 

−1.17 µV ± 3.27 µV). In the 700-800 ms time window mainly corresponding to the 

P3 wave, Main effect of Group (F(1, 21) = 5.02, p = 0.036, η2
G = 0.11) indicated 

that there was a pronounced positivity in the Control group compared to the OFC 

group (Control = 0.50 µV ± 0.72 µV vs. OFC = −0.20 µV ± 0.76 µV). Visual 

inspection of ERPs showed a more positive P3 in context of threatening compared 

to neutral distractors in the Control group, thus we conducted an additional analysis 

on the P3 wave using the original data, however, results of these analyses remained 

insignificant. The observed effects are illustrated in Figure 12. 
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Figure 11.  Prolonged processing of threat stimuli in the OFC group. In time window analysis of the 
difference wave in the Go-condition, a prolonged positive wave on the left parietal cortex 
was detected in the OFC group but not in the Controls. The figure illustrates the N2P3 
amplitudes and the time windows of 700-900 ms (marked with a rectangle). Based on 
visual inspection, the observed effect corresponds to the P3 amplitude and the LPP,  with 
LPP reflecting ongoing emotional processing (Controls up left, OFC up right). Below are 
the topographies of the difference waves used in the statistical analysis (ERP Threat – 
ERP Neutral) for three 100 ms time windows (upper row Control group, lower row OFC 
group). Increased and wide left-lateralized positivity in the OFC group is seen in time 
window 700-900 ms, whereas in the Control group a more subtle, focal and right-
lateralized effect is observed. * p < 0.05. Dashed red line = onset of the emotional 
stimulus. From the original publication (Kuusinen et al., 2021), reproduced under the terms 
of Creative Commons Attribution License (CC BY). 
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Figure 12.  Temporal dynamics of attentional and cognitive control resource allocation are altered due 
to OFC lesion in context of threat. The figure illustrates the N2P3 ERP amplitudes in the 
NoGo-condition and topographic maps of the difference waves for the OFC group (upper 
row) and the Control group (bottom row). Both groups had increased N2P3 amplitudes in 
context of task-irrelevant threat in the NoGo-condition especially on the frontocentral 
region. Based on visual inspection of the ERPs, the topographic maps, statistical analysis 
of the difference waves and separate peak analysis, this effect was evident at 600-700 ms 
in the OFC group, corresponding to the N2 peak (and showing pronounced negativity in 
the topographic map). In the Control group, this effect was more focused around the P3 
peak. * p < 0.05; dashed red line = onset of the emotional stimulus. F4 = right frontal 
electrode. Reproduced from the original publication (Kuusinen et al., 2021) according to 
terms of Creative Commons Attribution License (CC BY). 

Behavioral analysis revealed that the overall task performance in the OFC group was 

impaired in comparison to the Control group, as indicated by 2.3 times increase in 

the probability to commit an error (of any type) independent of emotional distractors 

(Total errors, Main effect of Group, OFC group vs Controls, OR = 0.43, 95% CI = 

0.21–0.88), 4.7% vs. 2.1%). In distinct error categories, the probability to commit an 

error was higher in the OFC group especially in errors related to the Go-condition. 

The OFC group was 5.2 times more likely to miss a response than the Controls 

(Misses, Main effect of Group, OFC group vs Controls, OR = 0.19, 95% CI = 

0.041–0.90), 0.9% vs. 0.2%). However, no between-group differences in NoGo-

errors, i.e. commission errors were detected. In addition to these objective 

performance measures reflecting challenges in EFs, the OFC group reported more 

challenges in EFs in daily life and post-concussion symptoms in several categories, 

more detailed results reported in Table 4. 
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Table 4.  Subjects with OFC lesion encounter challenges in executive functions in daily life. In 
BRIEF-A, they reported more overall challenges in executive functions (GEC = global executive 
composite) and in subcategories of Inhibit, Shift, Initiate, Working Memory, Plan/Organize and 
the Metacognition Index (MI). They also reported more current post-concussion symptoms in the 
RPQ, particularly somatic and cognitive symptoms. Scores and standard deviations are 
presented. * p < 0.05. Modified and reproduced from the original publication (Kuusinen et al., 
2021) under the terms of Creative Commons Attribution License (CC BY). 

Questionnaire OFC Group Control Group p-value 

BRIEF-A    

Global Executive Composite 61.3±13.6 49.2±9.7 0.026* 

Behavior Regulatory Index 58.7±15.3 50.5±9.6 0.240 

Metacognition Index 62.0±12.1 48.6±9.2 0.007* 

Inhibit 55.5±10.3 47.7±8.5 0.013* 

Shift 56.4±9.7 48.7±9.1 0.039* 

Emotional Control 58.3±16.8 52.1±9.8 0.639 

Self-Monitor 57.6±16.2 49.9±11.9 0.217 

Initiate 60.1±11.5 48.8±7.5 0.015* 

Working Memory 65.1±16.5 48.5±10.6 0.005* 

Plan/Organize 59.6±9.7 48.2±8.2 0.007* 

Task-Monitor 63.1±14.1 51.3±8.6 0.075 

Organization of Materials 55.7±9.6 48.9±9.3 0.082 

RPQ    

Total at the moment 16.8±15.1 2.5±5.5 0.005* 

Somatic symptoms 7.0±7.75 1.0±2.03 0.007* 

Emotional symptoms 3.5±3.9 0.7±2.3 0.059 

Cognitive symptoms 5.0±3.8 0.6±2.0 <0.001* 

BDI 6.7±5.4 2.9±3.4 0.080 
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6 DISCUSSION 

Studying emotion-attention interaction and its alterations due to brain injury may 

provide insights into affective symptoms and vulnerability to depression frequently 

observed in patients with traumatic or other types of brain lesion. Furthermore, with 

aims to provide objective measures of these alterations, it is worthwhile to assess 

how they are reflected in emotional modulation of cognitive performance and brain’s 

electrical activity.  

Throughout this thesis, alterations in emotion-attention interaction were 

observed in subjects with MTBI and focal OFC lesion. Subjects with MTBI allocated 

more attention to both task-relevant and task-irrelevant threat-related stimuli, 

whereas subjects with OFC lesion allocated more attention particularly to task-

relevant threat-related stimuli and had impaired ability to swiftly allocate attention to 

task-irrelevant threat. Enhanced attention to both task-relevant and task-irrelevant 

threat in MTBI and to task-relevant threat after OFC lesion may reflect 

compromised top-down control of emotion and negativity bias similar to that seen 

in depression. Widely distributed frontal-subcortical circuits including the DLPFC, 

ACC and OFC have a role in top-down emotion regulation, and these may be 

compromised in both MTBI and OFC lesion.  

While the ability to control and minimize attention to distractors is beneficial for 

task-performance, in real life it’s also essential to be able to promptly allocate 

attention to any emotionally relevant stimuli, especially to threat-related stimuli, even 

when they’re task-irrelevant. On the other hand, when potential threat is evaluated 

and no actions are required based on the evaluation, it’s equally important to be able 

to disengage attention from these distractors and limit the effect of task-irrelevant 

threat on further processing. Flexible balance between top-down and bottom-up 

attentional mechanisms support these functions, enabling successful goal-oriented 

behaviors along with the ability to change goals or course of action when called for, 

as in the case of unexpected threat. To that end, the impaired ability to timely allocate 

attention to task-irrelevant stimuli due to OFC lesion suggests that OFC has an 

important role in balancing attention between task-relevant and task-irrelevant items 

and especially in aiding attention allocation to task-irrelevant but otherwise valuable 

stimuli such as threatening emotional stimuli.  
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Finally, subjects with MTBI showed relatively greater activity on the right frontal 

regions, a pattern associated with vulnerability to depression. We created a novel 

index (eFAA), reflecting the impact of threat on task-induced FAA derived from 

EEG measured during a task burdening executive functions. This novel index taps 

into the functioning of frontal circuits and interactions of emotion, attention and 

EFs. eFAA was sensitive in distinguishing between subjects with ongoing post-

concussion symptoms and those without, furthermore, the eFAA was correlated 

with subjective reports of post-concussion and depressive symptoms. These results 

suggest that this novel index could be further utilized as a biomarker for MTBI. In 

the following sections, more detailed discussion on these findings will be presented. 

6.1 Emotion-attention interaction in MTBI 

6.1.1 Enhanced attention to threat 

Subjects with MTBI allocated more attention both to task-relevant and task-

irrelevant threat-related stimuli. Increased attention to task-relevant threat was 

coupled with improved performance whereas task-irrelevant threat caused impaired 

performance despite more cognitive control allocated. 

In study I, alterations in emotion-attention and emotion-executive function 

interaction were assessed using N2P3 amplitudes as an index of attention allocation 

with emotional stimuli. The emotional stimuli served in turn as task-relevant 

response cues and as task-irrelevant distractors. The MTBI group had increased 

N2P3 amplitudes in context of task-relevant threat as Go-signals as well as increased 

N2P3 amplitudes in context of both task-relevant and task-irrelevant threat in the 

NoGo-condition indicating more attention allocated to threat. Enhanced attention 

allocation to threat improved performance in the Go-condition, with the MTBI 

group having faster RTs when threat stimuli were task-relevant. Moreover, task-

irrelevant threat impaired performance in the NoGo-condition causing more 

commission errors. Thus, threatening stimuli had pronounced effects on attentional 

and EF processing in the MTBI group on both physiological and behavioral levels. 

Such effects were not detected in the Control group, even though threat-related 

enhancement of the N2P3 amplitudes was observed in general in both groups.  

Simple biologically relevant threat-related stimuli, like the ones used in these 

studies, engage the attentional networks via fast bottom-up routes from the retina 
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through the superior colliculi and pulvinar of the thalamus to the amygdala (Öhman, 

2005), whereas more conscious processing of emotion involves cortical areas like the 

OFC, ACC and the insula. After fast detection of threat, its significance is evaluated, 

and its effects cognitively controlled. Emotional stimuli encountered in everyday-

life, may convey evolutionarily or biologically important information on possible 

threat or rewards, thus they are highly salient and capture attention involuntarily (De 

Oca and Black, 2013; Öhman et al., 2001; Pourtois and Vuilleumier, 2006). 

Particularly spider stimuli are effective in capturing attention even though irrelevant 

to the task, reflecting their strong evolutionary relevance and fast and automatic 

processing (New and German, 2015). Similar spider and flower stimuli constructed 

from identical black lines have been used in our previous studies, suggesting they are 

efficient in capturing attention even though presented only for a short time as task-

irrelevant distractors (Hartikainen et al., 2012b). 

Emotional stimuli may guide attention away from the task or towards it, 

depending on its task-relevance. In healthy subjects, task-irrelevant emotional stimuli 

typically guide attention away from the task and impair task-performance 

(Hartikainen, 2021; Hartikainen et al., 2000, 2007, 2012b), whereas task-relevant 

emotional stimuli can improve task-performance (Kanske and Kotz, 2011; Öhman 

et al., 2001). In study I, MTBI subjects had this exact effect in the Go-condition, 

with faster RTs and larger N2P3 amplitudes in context of task-relevant threat. In the 

NoGo-condition, more attention was directed to both task-relevant and task-

irrelevant threat, but task-irrelevant threat impaired performance, with more NoGo-

errors committed. Attention allocation to emotional stimuli depends on the flexible 

interplay between top-down and bottom-up attentional mechanisms, where bottom-

up mechanisms bring emotional or otherwise salient information into attention 

networks for further processing and top-down attention is focused on suppressing 

attention allocation to these stimuli and prioritize stimuli relevant for the current task 

(Bishop, 2008; Desimone and Duncan, 1995). We suggest that increased attention 

allocation to threat in the MTBI group may reflect difficulties in top-down control 

for the effects of threat on further processing, resulting in enhanced bottom-up 

attentional capture of threat. Task-relevant threat guided more attentional resources 

to task processing, improving performance whereas task-irrelevant threat created 

competition between emotional and task-processing, distracting performance.  

Inefficiently functioning frontal circuits may impair control of affective 

information, leading to increased processing of it. Minor damage to cortico-

subcortical circuits subserving emotion-attention and emotion – EF interactions is 

suggested to underlie prolonged symptoms after TBI (Hartikainen et al., 2010b; Weis 
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et al., 2022) and intact fronto-parietal attention networks are responsible for efficient 

regulation of voluntary and involuntary attention (Corbetta and Shulman, 2011). 

Diffuse axonal injury is thought to be important in the pathophysiology of MTBI 

(Barkhoudarian et al., 2011) and the PFC particularly susceptible to brain injury. 

Thus, it’s possible that minor trauma to these circuits could explain the effects 

observed in our study. Appropriate balance between the top-down and bottom-up 

attention networks allows for concentrating on relevant items and taking into 

account task-irrelevant but otherwise relevant information from outside the current 

focus of attention when called for, such as in case of potential danger. Situations 

where successful performance depends on the balance of these attention 

mechanisms occur constantly in everyday life, thus imbalanced attentional systems 

may lead to challenges in such occasions.  

On the other hand, increased N2P3 amplitudes coupled with improved 

performance could reflect enhanced top down-processing of threat, with more 

cognitive control resources allocated to control its effects, facilitating task-

performance. In separate analysis of the N2 and the P3 amplitudes in the Go-

condition, threat-related enhancement was detected in the MTBI group especially at 

the central N2 peak, with frontocentral N2 thought to reflect cognitive control 

(Folstein and Van Petten, 2008). Increased cognitive control for the effect of threat 

is required to maintain good performance when facing emotional distractors. 

Supporting this, subjects with MTBI had generally comparable performance as the 

Control group, thus no general executive dysfunction was detected. The MTBI 

group neither reported any more challenges in the BRIEF-A questionnaire assessing 

their subjective view of their EFs. 

6.1.2 Affective dysfunction in MTBI 

FAA reflects the activity balance between the right and left frontal regions and 

negative affect is associated with greater right than left frontal activity i.e., rightward 

FAA. We detected altered task-induced FAA in subjects with MTBI compared to 

control subjects with ankle injury. As expected, the MTBI group showed a similar 

rightward pattern of FAA reflecting relatively less alpha power on the right 

compared to left frontal regions, previously detected in depression (Gotlib et al., 

1998; Henriques and Davidson, 1991; Thibodeau et al., 2006), in subjects with 

previous but not current depression (Davidson, 1992; Gotlib et al., 1998) and in 

subjects vulnerable to depression (Gotlib et al., 1998; Henriques and Davidson, 
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1991; Nusslock et al., 2011). The MTBI group also reported more overall (both 

previous and current) emotional post-concussion symptoms than the Control group. 

Emotional symptoms and depression are common after MTBI, with almost twofold 

incidence compared with orthopedic trauma patients (Stein et al., 2019). While the 

exact mechanism for depression is not clear, depressed subjects are prone to 

negativity bias, allocating more attentional resources towards negative stimuli and 

having difficulties in disengaging attention from them (Foland-Ross and Gotlib, 

2012; Gotlib and Joormann, 2010; Keller et al., 2019).  

Enhanced attention allocation to emotion may be beneficial for task-performance 

and in everyday-life, where emotional information needs to be interpreted and 

integrated into actions. However, we speculate that continuous bias of attention to 

negative or threatening stimuli, may predispose subjects to emotional symptoms and 

depression. In study I, both MTBI subjects and controls showed increased negativity 

at 550-600ms after task-relevant threat, but only MTBI subjects continued showing 

this negativity from 600 to 650ms, which could reflect problems in disengaging 

attention from negative emotional information. Of note, none of the subjects in our 

study were diagnosed with depression and previous depression was an exclusion 

criterion for the study, even though four subjects had some signs of it in the BDI, 

thus greater attention to and prolonged processing of threat and more rightward 

FAA should be viewed only as possible predisposing factors to depression. 

Depression is characterized by challenges in emotional control. Emotional 

control is important in everyday life, where reactions to emotional stimuli have to be 

restricted (Drevets, 2001) and these regulatory functions depend on effective 

functioning of the fronto-thalamo-limbic networks. Emotional and cognitive stimuli 

compete for the same processing resources, and the effect of emotion on cognitive 

processing is balanced based on the emotional value and arousal level of the stimuli, 

task processing requirements and the individual performing it (Hartikainen, 2021; 

Oliveira et al., 2013). Altered balance between the right and left frontal regions may 

also disturb emotional control abilities. The right hemisphere and right frontal 

regions are considered more critical to negative affect and withdrawal behaviors 

whereas the left frontal regions are more vital to positive affect and approach 

behaviors (Davidson, 1998a; Davidson et al., 1990). The right frontal cortex is 

relevant for inhibitory top-down control mechanisms particularly in challenging 

tasks with high burden (Bunge et al., 2001), like with emotional content, with 

inhibition of the right DLPFC resulting in impaired reappraisal of emotional stimuli 

(Wyczesany et al., 2022). Impaired inhibition of emotional stimuli may be seen in 

depression, thus high activity on the right frontal regions could reflect compensatory 
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mechanisms to overcome this impairment, particularly if both cognition and 

emotion processing circuits are highly engaged, and this is reflected as more 

rightward FAA. 

Alterations in controlling the effect of emotion on task-performance were seen 

in study I, where the MTBI group had increased N2P3 amplitudes towards both 

task-relevant and task-irrelevant threat in the NoGo-condition. With increased 

attention capture by threat, more commission errors were made with threat as a task-

irrelevant distractor. The ERP effects observed in the NoGo-condition could reflect 

increased cognitive control, as separate peak analysis showed larger central N2 

amplitudes in context of task-irrelevant and task-relevant threat in both groups with 

a trend towards greater effect in the MTBI group, whereas no effect on the P3 was 

seen. In a NoGo-task, the N2 reflects early cognitive control (Donkers and Van 

Boxtel, 2004; Megías et al., 2017) and the P3 response inhibition or response 

cancellation (Benikos et al., 2013; Groom and Cragg, 2015). When cognitive burden 

is high and shared processing resources are redirected to process emotional content, 

impaired task-performance may occur (Lavie, 2010b). We speculate that the NoGo-

task might have created more load on cognitive control processes in subjects with 

MTBI, leading to increased distractor effect of task-irrelevant threat and impaired 

EF performance. It is possible that EFs and top-down control mechanisms were not 

working efficiently in the MTBI group due to the injury, leading to challenges in 

controlling the effect of task-irrelevant stimuli on task-performance. 

The anterior cingulate cortex is important in cognitive control of emotion and is 

one identified source of the N2 ERP (Bokura et al., 2001). Increased functional 

connectivity between the ACC and other cingulate areas, precuneus of the parietal 

cortex and occipital areas have been reported after MTBI, suggested to reflect 

enhanced top-down attention networks needed after micro-level injury (Sheth et al., 

2021), these findings being in line with our results. In another study, reduced 

functional connectivity between the default mode and attention networks was seen 

in subjects with more depressive symptoms in the acute stage of MTBI, and 

conversely, hyperconnectivity between these regions was seen at one month post-

injury, suggesting connectivity alterations are in charge of emotional symptoms in 

MTBI (McCuddy et al., 2018). Theory of the functional brain alterations in 

depression introduces dysfunctional fronto-limbic circuitries (Mayberg, 1997) and 

brain activation patterns typical in depression have been observed in depressed 

MTBI subjects, suggesting that depression after MTBI might be due to dysfunction 

of the frontal-limbic networks similarly as in depression only (Chen et al., 2008). 

Thus, studies on functional connectivity support our ERP, FAA and behavioral data 
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findings, suggesting that micro-level injury leads to altered emotion-attention and 

emotion-cognitive control interactions, contributing to affective symptoms after 

MTBI. 

A recent study suggested that TBI and PTSD share similar impairments in 

prefrontal-subcortical circuits of emotion regulation independent of the background 

mechanism of the impairment – the resulting phenotype is the same, even though 

the other condition doesn’t include physical trauma (Weis et al., 2022). Subjects with 

TBI and PTSD have trouble regulating emotion due to an imbalance of the bottom-

up and top-down processes. Excessive release of glucocorticoids and glutamate 

either after physical or mental trauma was hypothesized to trigger this cascade, 

leading to dysfunction in emotional control circuits (amygdala, striatum, ACC, PFC), 

these dysfunctions contributing to prolonged cognitive and emotional symptoms 

after both PTSD and TBI (Weis et al., 2022). High cognitive workload results in 

accumulation of glutamate in the brain, leading to weaker cognitive control in healthy 

subjects (Wiehler et al., 2022) thus it seems reasonable to assume, that high cognitive 

load directed to brain with some underlying metabolic or structural alterations due 

to trauma, might be even more sensitive for such effects. Even though causality can’t 

be addressed based on our studies and we didn’t study specific anatomical areas, we 

propose that the altered FAA and increased attention to threat seen in MTBI, is a 

sign of organic dysfunction and may be due to minor trauma to these frontal-

subcortical networks subserving emotional and cognitive functions. 

Prolonged post-concussion symptoms and depression go hand in hand, higher 

initial depression and anxiety raising the risk for prolonged PCS (Oldenburg et al., 

2018; Ponsford et al., 2019; Wäljas et al., 2015), however, controlling for pre-injury 

anxiety and depression showed similar levels of these symptoms in both previously 

non-depressed and depressed patients after MTBI (Karr et al., 2020). Also in our 

study, the MTBI group reported more overall post-concussion symptoms related to 

emotion (irritability, restlessness, lack of patience, depression) than the Control 

group, however, they didn’t report prolonged cognitive symptoms. Prolongation of 

symptoms related to MTBI is encountered in over 50% of patients (Madhok et al., 

2022; Nelson et al., 2019) but the pathophysiology of symptom prolongation is not 

clear. Current view suggests a multifactorial etiology with biopsychosocial factors 

related to preinjury characteristics of the patients, but also factors concerned with 

the actual injury and subtle damage to brain circuits, contributing to the final 

symptom profile  (Hartikainen et al., 2010b; Silverberg and Iverson, 2011; van der 

Horn et al., 2020). Conventional neuropsychological tests are often insensitive to the 

difficulties encountered after MTBI, and with no objective signs of any dysfunction, 
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patients may be left without rehabilitation and treatment, creating a large burden for 

themselves and the society as well. Thus, there is a need to develop biomarkers of 

MTBI that reflect alterations in brain’s affective and cognitive circuits. While the 

exact mechanisms underlying post-concussion symptoms are under investigation, 

this study introduces a novel biomarker, the eFAA, that was sensitive to distinguish 

between symptomatic and non-symptomatic subjects and correlated with subjective 

PCS reporting. 

However, no subjects were diagnosed with depression or post-concussion 

syndrome in our study, and the time from injury to the EEG recording was at least 

nine months, thus our subjects can’t be called patients, but they were subjects who 

once sustained MTBI. Knowing this, it’s fascinating that they still had more 

rightward FAA, a vulnerability marker for depression (Nusslock et al., 2011). 

Importantly, the more rightward FAA in subjects with MTBI remained significant 

even when subjects with higher BDI scores (>10 points) were excluded, indicating 

that the results were not driven by possible comorbid depression. Depression and 

anxiety following MTBI are precursors for functional impairment, thus assessment 

of mental health after brain trauma would be important to prevent formation of 

longer-lasting symptom cascades (Zahniser et al., 2019). Lack of effective clinical 

assessment methods for the probability of prolonged PCS or depression highlights 

the importance of developing new methods to objectively detect these alterations 

and the pathophysiology behind them. 

6.1.3 Novel biomarker of MTBI 

The MTBI group had more rightward FAA, reflecting vulnerability to depression 

(Nusslock et al., 2011) as previously discussed. When dividing the MTBI group into 

those reporting current post-concussion symptoms and those reporting no 

symptoms, the overall FAA was not sensitive in detecting differences between the 

groups. However, a novel index reflecting emotional modulation of FAA, that was 

initially developed and assessed by our group for use as a potential biomarker for the 

effect of neuromodulation on brain’s affective circuitry (Sun et al., 2017b, 2017a), 

the eFAA (FAA threat – FAA neutral) succeeded in this. The eFAA was more 

suitable for distinguishing between symptomatic and non-symptomatic MTBI 

subjects and also symptomatic MTBI subjects from healthy controls. 

The affective symptoms after MTBI are suggested to reflect minor alterations in 

cortico-subcortical circuits, which are also important for successful interactions of 
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emotion, attention and executive functions (Hartikainen et al., 2010b). 

Neuromodulation studies on FAA reflecting the function of these circuits showed 

that stimulation with a DBS device on the anterior nucleus of thalamus (ANT), a key 

structure in the limbic system, shifted FAA rightward with slower RTs to threat-

related stimuli. Moreover, the emotional modulation of FAA and emotional 

interference of RTs were correlated (Sun et al., 2017a). DBS is used for treating 

refractory epilepsy and even though it has clear benefits in this sense, it may cause 

side effects like depression (Fisher et al., 2010). Also VNS had similar effects on 

FAA and RTs (Sun et al., 2017b), suggesting that alterations in FAA corresponded 

to alterations in emotion-cognition interaction. Supporting these findings, the eFAA 

in our study had negative correlations with self-reports of depressive symptoms 

(BDI) and current post-concussion symptoms (RPQ), with more symptoms 

correlating to more negative eFAA. A measure reflecting physiological brain activity 

and alterations in it, coupled and correlating with subjective symptom reporting, is a 

valuable tool, and while more research is needed, we propose that the eFAA could 

be used as a novel biomarker of MTBI reflecting post-concussion symptoms. 

Assuming FAA in context of threat reflects functions of the fronto-thalamic 

circuits, possibilities to use it as a biomarker for alterations in these circuits are not 

limited to MTBI or neuromodulation but could be extended to other clinical 

populations. Asymmetrical frontal activation has been detected in subjects with 

attention deficit/hyperactivity disorder (ADHD) (Keune et al., 2015) and FAA has 

been studied in many clinical populations with psychiatric conditions, such as mania, 

anxiety and addiction and also in motivational aspects more related to the approach-

withdrawal model (Allen et al., 2018). ADHD is particularly interesting in sharing 

some cognitive and affective symptoms with MTBI. The overlapping 

symptomatology is evident considering the BRIEF questionnaire, which was 

originally developed for assessing EF deficits related to ADHD while currently being 

used in TBI and other clinical populations.  

For some reason, FAA hasn’t been utilized in studying MTBI, with only one 

previously published article available, where athletes with normal recovery after 

concussion showed rightward FAA compared to healthy controls in a resting state 

recording with no emotional component included (Moore et al., 2016). In this study, 

negative correlations with FAA and depression and anxiety scores were also detected 

in the MTBI group but not in Controls. The results of this study are thus in line with 

our results, but having no subjects report any post-concussion symptoms at the time 

of testing, the authors were not able to give any results on FAA distinguishing 

between these groups (Moore et al., 2016). Generally, task-related FAA, especially if 
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emotional stimuli are integrated in the task, has been suggested to be a more robust 

and reliable measure of pathology (Stewart et al., 2014). It is possible that with larger 

samples, differences between symptomatic and non-symptomatic subjects could 

have emerged in general FAA also in our study. 

We suggest that MTBI may lead to general vulnerability to depression reflected 

in more rightward FAA in both symptomatic and non-symptomatic patients 

compared to controls, however, the non-symptomatic patients may be more 

effective in compensating for this vulnerability. Based on results from eFAA, it’s 

suggested that non-symptomatic patients could exert emotional control better when 

faced with threat-related stimuli in the task and thus had a different pattern of FAA. 

Poorly controlled flow of bottom-up negative emotional information into attention 

and EF networks creates a vulnerability to emotional symptoms and depression. 

Again, depressive symptoms, either present before brain trauma or evolving after it, 

may lead to the same outcome – subjects with better capacity to emotional control, 

because of no mood disorders or better resiliency, social networks etc., can 

compensate for the possible vulnerability to depression reflected as more rightward 

FAA, whereas subjects with less capacity can’t, leading to the vulnerability to 

manifest as depression or prolonged symptoms. Although speculative, we propose 

that trauma-related alterations to these emotional control circuits differentiated non-

symptomatic and symptomatic patients, and this difference was reflected in the 

eFAA i.e., in FAA modulated by threat. 

The results of this thesis suggest that there might be differences in how subjects 

with MTBI and particularly subjects with MTBI and ongoing post-concussion 

symptoms process emotional, especially threat-related information. Integrating 

threatening stimuli into testing could help to detect these alterations, like it was 

shown in our study with eFAA. To detect alterations in brain’s affective circuits, they 

need to be engaged whereas tests with no affective component may not be sensitive 

to the subtle alterations in emotional processing. A test with high cognitive load 

including attention capturing negative affective information burdens and activates 

the PFC and the limbic system and this activity and its lateralization can be measured 

using the eFAA. The task-induced eFAA is beneficial also in controlling for 

between-subject variability and the effect of mind wandering on resting-state FAA 

as well as for effects of visual features of the stimuli to processing. Combining 

behavioral paradigms with cognitive and emotional challenge, in order to obtain 

objective measures reflecting functions of brain’s affective circuits and their 

alterations in brain injury, is a novel approach. The results of this thesis encourage 
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this approach and such measures in further studies assessing subjects with MTBI 

with potential for clinical applicability in the future.  

6.2 The role of OFC in balancing attention to emotion 

6.2.1 Increased attention to task-relevant threat after OFC lesion 

The OFC has a role in integrating affective information, such as relative values of 

different stimuli, into choices and actions (Ballesta et al., 2022). Furthermore, it has 

been suggested to balance attention between voluntary and involuntary attention, 

especially when faced with emotional stimuli (Hartikainen et al., 2012a). In the two 

studies of this thesis, we found altered attention to and processing of threat-related 

emotional stimuli in subjects with OFC lesions. The OFC group allocated more 

attention to task-relevant threat stimuli, but had alterations in the temporal dynamics 

of attention allocation to task-irrelevant threat stimuli. They also reported more 

challenges in executive functions than control subjects. The results suggest that 

balance between voluntary and involuntary attention to emotional stimuli, 

particularly threat, is altered after OFC lesion. 

In study II, increased allocation of attention and cognitive control to task-relevant 

threat was reflected as larger N2P3 amplitudes in context of threat as a Go- or a 

NoGo-signal in the OFC group. Such an effect was not seen in context of neutral 

stimuli and not in the Control group, and no increase in the N2P3 amplitudes in 

context of task-irrelevant emotion was observed. In study III where emotional 

stimuli acted only as task-irrelevant distractors, the Control group had larger N2P3 

amplitudes in context of threatening distractors in the Go-condition. Such effect was 

not observed in the OFC group, who conversely showed prolonged emotional 

processing reflected by increased late positive waves. In the NoGo-condition, both 

groups had larger N2P3 amplitudes in context of the emotional distractors, but in 

the OFC group this effect was driven by larger N2 waves signaling increased 

cognitive control whereas in the Control group the effect concentrated around the 

P3 wave, thought to measure attention allocation. Thus, when facing task-irrelevant 

emotional stimuli in the Go-condition, the OFC group was impaired in the initial 

attention allocation but showed prolonged processing of the stimuli, whereas in the 

NoGo-condition they allocated more cognitive control when facing such stimuli. 

Our results support the role of the OFC in balancing voluntary and involuntary 
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attention allocation to emotional stimuli, and with OFC lesion, the focus of attention 

is prioritized towards targets (Hartikainen et al., 2012a).  

In behavioral measures in study II, both groups performed worse when emotion 

was task-relevant, however, task-relevant emotion didn’t interfere with performance 

of the OFC group as much as it did with the performance of the Control group. On 

average, the OFC group committed more errors than the Control group when 

emotion was task-irrelevant (even though this difference was not statistically 

significant) but their performance impaired to a smaller extent when emotion 

became task-relevant, whereas the Control group made less errors with emotion as 

a task-irrelevant distractor and were more impaired when it became task-relevant. In 

the post-hoc analysis, the OFC group even made less Miss-type errors when threat 

stimuli were task-relevant go signals and were not affected by threat as a NoGo-

signal, whereas the Control group made more commission errors with threat as the 

NoGo-cue. When emotional stimuli were task-irrelevant, the N2P3 amplitudes of 

the groups didn’t differ from each other, however, the OFC group committed more 

NoGo-errors (independent of emotional valence of the distractor).  

We suggest that the OFC group allocated less cognitive control when facing task-

irrelevant emotion, creating vulnerability to errors. Conversely, increased attention 

allocation to task-relevant emotion, particularly threat, helped task performance as 

indicated by less miss-type errors with task-relevant go signals and less impaired 

performance with task-relevant emotion. Moreover, the task where emotion is 

relevant for responding is a more difficult discrimination task, as seen in study I with 

MTBI subjects, and also the NoGo-condition may be a more difficult cognitive task 

compared to the Go-condition, suggesting that relatively better performance in the 

more difficult task may reflect overcompensation in the OFC group while the 

Control group performed as expected. 

Competition between emotional processing and EFs may lead to impaired EF 

performance (Hartikainen et al., 2012b), if processing resources are prioritized to 

emotional aspects. However, task-relevant emotional stimuli may facilitate task-

performance by guiding more processing resources towards the task (Fehring et al., 

2019; Megías et al., 2017). The OFC is important in linking emotional information 

and their value to current task-settings, thus in emotion-EF interaction (Szczepanski 

and Knight, 2014). We speculate that lesion to the OFC may create challenges in 

EFs and to compensate for these challenges and maintain good performance levels, 

increased cognitive control is allocated to, reflected as larger N2P3 and N2 

amplitudes. The need for more cognitive control could be due to a difficulty in 

emotion-EF interaction, possibly challenges in limiting the effects of emotion on 
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other processes, or due to minor challenges in executive functions in general. This 

is further supported by the central localization of the N2P3 enhancement, as 

frontocentral N2 is thought to be related to cognitive control (Folstein and Van 

Petten, 2008).  

The threat-related enhancement of the N2P3 ERP complex could also reflect 

enhanced attention allocation to emotional stimuli due to inefficient top-down 

control being unable to balance bottom-up influences. Similar results were obtained 

in study I with MTBI patients, who allocated more attention to threat in general. 

Along with evidence of the N2 potential reflecting cognitive control, there is a 

frontocentral N2 that reflects attention to mismatch or novelty (Folstein and Van 

Petten, 2008). Even though the OFC is not part of the traditional attention networks 

but specifically involved in value-coding of rewarding and non-rewarding stimuli 

(Rolls et al., 2020), it participates in emotion-attention interaction and more 

thorough processing of and attention to emotion (Schwabe et al., 2011). Neuronal 

activity in the OFC represents the value of attended items (Xie et al., 2018) and the 

OFC conducts assessments on the significance and value of emotional stimuli 

(Wright et al., 2008), binding these assessments to social and attentional 

requirements (Gainotti, 2019). Thus, the OFC is important in allocating attention to 

somehow salient stimuli, even though they would be outside the current focus of 

voluntary attention, ensuring they reach further processing. With OFC lesion, this 

process is impaired, leading to attentional shift towards voluntary attention to 

targets.  

Enhanced attention to emotion facilitates its integration into EF processes 

(Pessoa, 2010). Threat as a task-relevant cue captured more attention in the OFC 

lesion group, helping them to allocate more EF resources to the task but task-

irrelevant emotion didn’t have the same effect, leading to worse performance. These 

results suggest that integration of task-irrelevant emotional stimuli into actions is 

impaired after OFC lesion. This is further supported by study III, where the OFC 

group showed generally worse task-performance independent of the valence of the 

emotional stimuli presented. It’s possible that in study III, where emotional stimuli 

were always task-irrelevant distractors, the OFC group was not able to benefit from 

the facilitatory effect of task-relevant emotion capturing attention and were more 

distracted by the task-irrelevant emotional stimuli, leading to generally impaired 

performance throughout the task. This would also explain why the same subjects 

with OFC lesion committed more errors in the easier version of the Executive RT 

Test with task-irrelevant emotional distractors. However, the control groups in these 

two studies were different, preventing a straight comparison of the results.  
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The dorsal and ventral attention networks balance voluntary and involuntary 

attention to emotion (Corbetta and Shulman, 2002). The OFC is not necessary for 

spatial encoding of attention (Kennerley and Wallis, 2009) but activations in the 

OFC are seen in context of fearful stimuli also when they are not in task-relevant 

locations (Vuilleumier et al., 2001). The OFC is involved in attention guidance based 

on current motivations (Mohanty et al., 2008), and comes into play when more 

elaborate processing and reward-value estimations are needed, and this information 

should be flexibly forwarded to other brain areas for integration into actions 

(Diekhof et al., 2011; Hartikainen and Knight, 2003). Thus, the OFC is relevant in 

linking salient, motivationally or emotionally important information into our actions, 

indirectly guiding attentional networks in these processes as well. The OFC may have 

a role in adaptive monitoring of behaviorally relevant stimuli that are not in the focus 

of attention, along with the ACC and temporoparietal regions (Gruber et al., 2010). 

Results from this and previous studies suggest that the OFC works to balance 

voluntary and involuntary attention and a lesion to the OFC impairs the ability to 

allocate attention to task-irrelevant but potentially otherwise relevant stimuli, like 

emotional or novel stimuli, favoring attention allocation to targets (Hartikainen et 

al., 2012a; Løvstad et al., 2012b).  

6.2.2 Temporal dynamics of attention to task-irrelevant threat 

Prompt attention allocation to emotional stimuli is essential as they may convey 

evolutionarily important information that needs to be used to update current goals 

and behaviors. In study III with emotional stimuli only as task-irrelevant distractors, 

the OFC group didn’t allocate increased attention to task-irrelevant threat in the Go-

condition. However, the Control group did, as shown by enhanced and right-

lateralized N2P3 amplitudes in context of task-irrelevant threat. Lateralization of 

attention to emotion to the right hemisphere has been detected in healthy subjects 

(Hartikainen, 2021; Hartikainen et al., 2000, 2007, 2010a), thus this pattern is 

considered normal, and the OFC lesion group lacked the expected increase in 

attentional processing of biologically relevant but task-irrelevant threat (Hartikainen 

et al., 2012a). Asymmetrical ERP patterns have been detected in previous studies in 

subjects with OFC lesions (Hartikainen and Knight, 2003) and in our study, the OFC 

group showed enhanced LPPs on the left parietal areas in the difference wave 

analysis, reflecting prolonged emotional processing with atypical lateralization.  
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Thus, even though the OFC group didn’t initially allocate more attention to the 

task with emotional distractors, emotion was processed later and to a greater extent 

than in the Control group. The LPP is thought to reflect attention to and processing 

of emotion (Keil et al., 2001; Sabatinelli et al., 2007; Weinberg and Hajcak, 2011) and 

duration of attention to emotion (Hajcak and Olvet, 2008), with larger LPPs 

observed after emotion is only attended to but smaller LPPs observed after 

emotional content is reappraised (Hajcak and Nieuwenhuis, 2006). Our results 

suggest that lesion to the OFC impairs the initial allocation of attention to task-

irrelevant emotional stimuli and its integration into further processing, but after 

initiated, processing is delayed and prolonged, reflected by the enlarged LPPs. 

Prolonged processing of threat might reflect difficulties in disengaging attention 

from it. Lack of habituation to aversive somatosensory stimuli has been observed 

after OFC lesion, suggesting deficiencies in regulating how long emotional stimuli 

affect processing, as healthy subjects typically habituate to such stimuli, and 

suggesting the OFC has a role in emotion regulation (Rule et al., 2002). Similar results 

were detected in Study I with MTBI subjects, who showed prolonged attention 

allocation to and slower disengagement from task-relevant emotional stimuli. 

Overall, we propose that prolonged processing of threat-related information may 

make patients susceptible to emotional symptoms, such as depression. In case of 

subjects with OFC lesions, inaccurate timing in attention to emotion, prolonged 

processing of it, and possibly impaired reappraisal of emotional content, offer 

underlying reasons for the challenges faced with social situations requiring emotional 

meanings to be timely and accurately interpreted and integrated into behavior. 

Recently, higher fractional anisotrophy in the uncinate fasciculus, responsible for 

connecting OFC to temporal areas including the amygdala, was associated with 

better recovery from negative stimuli, suggesting the uncinate fasciculus has a role 

in mediating emotional control from the PFC to the amygdala (Pedersen et al., 2022). 

Moreover, similar results were obtained for other white matter tracts subserving 

connections between sensory, limbic and other cortical areas, important for 

emotional responding and disengagement from emotion (Pedersen et al., 2022). We 

speculate that damage to such structures may underlie the alterations in emotional 

control after MTBI and after OFC injury, with the OFC being a vital part of this 

network. Impaired function of the OFC is hypothesized to have a role in depression, 

with problems in updating positive value representations of oneself, leading to 

negative self-image and mood problems (Murray et al., 2011). Imbalance in 

processing of non-rewarding and rewarding stimuli, with increased processing of 

non-rewarding stimuli on the lateral OFC and decreased processing of rewarding 
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stimuli on the medial PFC, coupled with imbalanced functional connectivity of the 

lateral and medial OFC, respectively, may be seen in depression (Rolls et al., 2020). 

Thus, it’s speculated that increased processing of task-relevant threat due to OFC 

lesion may also contribute to depressive symptoms. 

Increased attentional processing of task-irrelevant threat was seen in the NoGo-

condition of study III, where both groups showed enhanced N2P3 amplitudes in 

context of it. In difference wave analysis conducted on the time windows around the 

N2 and P3, the OFC group showed more negativity in the N2 time window and a 

post-hoc analysis confirmed that the N2 amplitude was larger in context of threat 

distractors compared to neutral distractors. In the time window of P3, there was 

enhanced positivity in the Control group, signaling more pronounced effect of 

threat, however, subsequent analysis on the P3 wave remained insignificant. 

Nevertheless, these observed effects suggest that also in the NoGo-condition, timing 

of emotion regulation was different in the two groups: in the OFC group the effect 

of threat in the NoGo condition was observed at the early cognitive control-related 

N2 ERP whereas in the Control group, this small effect was seen later, probably 

more related to response inhibition.  

Further support for the role of N2 in reflecting cognitive control comes from 

study II, where the OFC group had larger N2P3 amplitudes in context of task-

relevant threat coupled with intact task performance in the NoGo-condition whereas 

with task-irrelevant emotion, no increase in the N2P3 amplitudes and more 

commission errors were observed. In study II, the OFC group allocated more 

attention and cognitive control with task-relevant emotion and it’s possible that their 

ability to allocate attention to task-irrelevant stimuli was compromised, either 

because of challenges in involuntary attention due to OFC lesion or because of 

saturated EF processing networks in a more difficult EF task, leading to no resources 

left for attention allocation to task-irrelevant items. In study III with an easier task, 

allocation of early cognitive control was successful in the NoGo-condition, 

maintaining better performance levels. The NoGo N2 is thought to have neural 

sources especially in the ACC and probably in the OFC (Bokura et al., 2001) and 

one could speculate, that a lesion to the OFC, impairing integration of emotion in 

subsequent behaviors (Wallis, 2007), could be compensated by the ACC, also 

associated with interactions with cognition and emotion.  

The exact reason for the alterations in temporal dynamics of emotion-attention 

and emotion-cognitive control interaction due to OFC lesion remains to be studied, 

especially as task performance levels of the groups were identical in the NoGo-

condition. However, the OFC group committed more errors in the Go-condition, 



 

112 

where an increase in the cognitive control -related N2 potential was not seen, but 

threat processing was reflected in the LPPs. We suggest that the increased N2 

potentials seen in the NoGo-condition, reflecting more intensive conflict monitoring 

and cognitive control, helped the OFC group to perform on a similar level as the 

Control group whereas in the Go-condition where this enhanced early processing 

was not observed, performance levels suffered. ERP alterations to achieve good 

task-performance levels have been observed in subjects with OFC lesions (Løvstad 

et al., 2012b). The Control group was able to achieve good performance levels 

without early cognitive control, as their enhancement in ERPs was more 

concentrated around the P3, reflecting response inhibition or cancellation. Not 

analyzed in our study but of interest would be, whether the increased probability to 

commit Miss-type errors would be related to previous distractors being threatening, 

as enhanced LPPs in context of threat in the OFC group, reflecting prolonged 

processing of threat during the previous trial, could impair cognitive processing in 

the coming trial (Weinberg and Hajcak, 2011). 

6.2.3 Challenges in executive functions 

The subjects with OFC lesions reported subjective challenges in executive functions 

in daily life in the BRIEF-A. Similar results have been obtained previously by 

Løvstad and colleagues, who detected impairment in many EFs in 

neuropsychological tests in subjects with DLPFC lesions whereas subjects with OFC 

lesions mainly reported challenges in the BRIEF-A but performed well in 

neuropsychological tests (Løvstad et al., 2012a). Traditional neuropsychological tests 

are often not sensitive in assessing the difficulties encountered by subjects with OFC 

lesions, who typically perform well in cognitive measures (Zald and Andreotti, 2010). 

With intact cognitive performance but profound difficulties in everyday-life 

situations, subjects with OFC lesions are often left without proper diagnostics and 

rehabilitation, creating challenges in coping with normal life. In our study III, also 

objective evidence of challenges in EFs was gained, as the OFC group performed 

worse in the Executive RT Test, committing particularly more Miss-type errors. 

Emotional symptoms, challenges in executive functions and difficulties in social 

situations are some of the core difficulties reported after OFC injury, however, the 

mechanism for these deficits is under debate. One view states that the difficulty 

results from challenges in monitoring oneself whereas others postulate challenges 

arise because of inability to interpret, process, or regulate emotion (Beer et al., 2003, 
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2006; Rolls and Grabenhorst, 2008; Willis et al., 2010) and also challenges in 

interpreting the mental states of others (theory of mind) have been reported (Stone 

et al., 1998). Whatever the exact mechanism is, both self-monitoring and emotion 

regulation involve handling emotions, and this process might be altered after OFC 

lesion. Impairment in EFs and difficulty in judging other peoples’ mood have been 

suggested to go hand in hand (Henry 2006), underlining the importance of intact 

collaboration between emotional and executive functions. 

In both studies II and III the OFC group reported more challenges in GEC i.e., 

the global executive composite and in subcategories Initiate and Working Memory. 

In study III, the OFC group also reported more problems in categories Inhibit, Shift, 

Plan/Organize and in the summary score of Metacognition Index (MI). Even though 

the same cohort reported more challenges in study III, when looking at absolute 

numbers and results of the statistical comparisons, many categories are very close to 

reaching significance also in study II. Thus, our studies reveal challenges in EFs in 

subjects with OFC lesion, as in the study of Løvstad and colleagues (Løvstad et al., 

2012a). In the RPQ, the OFC group also reported increased amount of cognitive 

symptoms compared to controls in both studies, and increased amount of somatic 

symptoms and current PCS in Study III. It’s interesting, that also in Study II where 

less objective challenges in EFs were detected, the OFC lesion group experienced 

more cognitive symptoms both as measured by the RPQ and the BRIEF-A. While 

self-report questionnaires reflect subjective experience rather than objective 

measures, they provide very important information on the everyday-life challenges 

people are facing. 

However, an interesting difference between subjects with OFC lesion in our 

study and that of Løvstad and colleagues is seen: in our studies, the OFC group 

didn’t report more challenges in category Emotional Control in the BRIEF-A 

compared to control subjects whereas in Løvstad and colleagues study the difference 

between the controls and OFC group in this category was highly significant. Also, 

our subjects didn’t report more depressive symptoms in the BDI, whereas the 

subjects in the Løvstad et al study scored higher in a questionnaire assessing 

emotional distress (SCL-90-R) and several of its subcategories, including a 

subcategory for depression (Løvstad et al., 2012a). Inability to report challenges in 

emotional control could be natural after lesion to the OFC, as problems in 

recognizing self-conscious emotion (Beer 2003) and the significance of emotion to 

oneself (Willis 2010) have been reported in previous studies. The reason for different 

results is unclear, however, our sample was approximately 10 years older, had 

somewhat smaller lesions and higher absolute values in the BRIEF-A, especially in 
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the Control group, possibly affecting results. The amount of emotional post-

concussion symptoms reported in our study was larger in absolute numbers in the 

OFC group than in the Control group, but the difference was just on the limit of 

reaching statistical significance. Thus, the OFC group was still able to recognize and 

report subjective emotional symptoms, even though they didn’t recognize any 

problems in emotional control. Cultural differences in reporting strong emotional 

reaction could also have a role in the observed differences. 

6.3 Limitations and strengths 

One major limitation in this PhD thesis is the sample size, especially for the OFC 

group. Small sample size reduces the power of statistical comparisons predisposing 

to false negative findings but also to false positive findings due to coincidence and 

characteristics of subjects not related to the factor under investigation (i.e., brain 

injury). In study II, there were initially 16 subjects with OFC lesions, but three 

subjects had to be excluded due to poor quality of ERP data. Also, the control groups 

in studies II and III were small. The size of the OFC group was limited by the 

number of appropriate participants as subjects with focal enough OFC injury and 

no other brain injury or other neurological and psychiatric disorders are quite rare. 

Meanwhile, the size of the Control groups was restricted because we aimed at 

balancing the groups as well as possible in terms of age, education level and past 

experience with the Executive RT Test (study III) as well as previous potentially 

traumatic event (i.e., ankle injury), that could affect results. The control group in 

study II consisted of subjects with traumatic orthopedic injury to decrease the impact 

of psychological and physical trauma on the results. In study III, a convenience 

sample who had previously conducted the Executive RT Test was recruited, to 

diminish the effect of learning on task-performance.  

In study III, we managed to balance the age of the groups better but in study II, 

the ages of the groups differed, and age is known to affect ERPs (Enriquez-Geppert 

and Barceló, 2018). Also, we were not able to balance the sex distributions of the 

groups, with the OFC group comprising mostly of men and the controls having 

more female members. Gender can influence ERP results in studies introducing 

emotional content (Schirmer and Kotz, 2003). Women are often perceived as being 

more emotionally responsive and more sensitive to fear-related stimuli. However, 

there is also evidence suggesting that women do not exhibit a greater sensitivity to 

attentional capture by threat compared to men (Campbell and Muncer, 2017). 
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Furthermore, the stimuli used in our study were biologically relevant simple 

threatening and neutral stimuli, which do not necessitate complex interpretation or 

emotional attribution, thus we believe gender shouldn’t exert a substantial influence 

on their processing within the context of this thesis.  

Including only subjects with focal lesions limited mainly to the OFC reduced the 

number of available participants, but on the other hand allowed to reliably establish 

the role of the OFC in emotion-attention interaction and emotion-executive 

function interaction, not the effects of TBI in these processes in general. Moreover, 

similar sample sizes have been used in previous studies with subjects with OFC 

lesions (Funderud et al., 2013; Paulmann et al., 2010) thus reliable results can be 

gained from smaller cohorts as well. Some of the subjects had brain lesions extending 

to other frontal areas than the OFC and the lesion sizes varied from minor to rather 

large lesions. Also, with traumatic brain injury, there might be axonal damage 

extending beyond the primary lesion, complicating the interpretations regarding the 

impact of an isolated lesion on a certain function. Moreover, subjects with both 

bilateral and unilateral OFC lesions were included, limiting the conclusions that can 

be drawn on the role of subregions of the OFC and the reliability of the observed 

laterality effects. Although the majority of subjects with OFC lesion in the final 

sample had traumatic etiology for their injuries (n = 9 and n =1 for acute SAH), 

there were still 3 subjects whose injuries resulted from the resection of olfactory 

meningioma. Consequently, the injury mechanisms are rather different, with 

traumatic injury causing sudden, unexpected and uncontrolled damage to the region 

whereas a slowly growing process such as a meningioma likely allows more neuronal 

adaptation to occur. This disparity may complicate the comparison of these subjects 

and their subsequent outcomes. Yet, another factor contributing to smaller sample 

size is the time-consuming nature of EEG research in contrast to many other 

medical studies that rely on clinical data, blood test or other considerably less time-

consuming methods. 

However, there are only a few research groups in the world who have conducted 

studies on subjects with OFC lesions, because of rarity of subjects with OFC lesions 

thus limited access to them as well as neuroradiological expertise needed to recruit 

them. Moreover, even fewer groups have combined the lesion method with ERPs, 

which offer millisecond-level information on cognitive functions. Lesion studies are 

a classical and yet to this day a valuable method (Toba et al., 2023), with only a few 

patients or even just one with a lesion to a certain area coupled with a specific deficit 

offering direct evidence of the role of this area to the deficient function. For 

example, the role of medial temporal lobes for episodic memory was initially detected 
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based on only one subject (Scoville and Milner, 1957). The lesion method enables to 

distinguish functions that are dependent and those that aren’t dependent on the 

lesioned area. Thus, lesion data may provide causal and direct information as 

opposed to indirect information about the link between brain structure and function 

obtained with other brain research methods such as functional imaging.  

The majority of studies conducted on the role of OFC and a lesion to it are done 

using animals or imaging methods in humans. Both methods have their downsides: 

results on animals may not be directly applicable to humans because of different 

brain anatomy and methodological differences whereas imaging studies lack the 

temporal accuracy of EEG studies relevant in studying millisecond-level 

phenomena. Naturally, emotional reactions, emotional control and executive 

function and their interactions are different in humans and animals, restricting 

applicability of results from animal studies to humans. Moreover, imaging studies 

such as fMRI show multiple brain regions activating during a certain task but their 

direct contribution to the mental event under investigation is not as straightforward 

as in brain electrophysiology studies, directly time-locked to a stimulus. Thus, such 

studies neither provide direct nor causal evidence for the role of the OFC in mental 

functions. In the case of OFC, the air-filled sinuses located very close to the area 

may also compromise the quality of functional imaging data.  

Also, the size of the MTBI group, particularly the divided groups (Symptomatic, 

Non-Symptomatic) in study IV, was relatively small, causing similar restrictions in 

interpretation of results as mentioned before. Even though we addressed depressive 

and post-concussion symptoms and their association to enhanced attention 

allocation to threat and FAA after MTBI, none of our MTBI patients were diagnosed 

with major depressive disorder or post-concussion syndrome, thus interpretations 

of these associations must be made with caution. We weren’t studying depression or 

prolonged PCS after MTBI, but rather typical affective and cognitive symptoms after 

MTBI that are also encountered in depression and post-concussion syndrome. 

Nevertheless, our results with the eFAA seemed to reflect the subjective reporting 

of such symptoms and we suggested it could be used as a biomarker for post-

concussion complaints. Even though the MTBI group reported more overall (both 

previous and current) emotional post-concussion symptoms, the amount of 

currently persistent PCS appeared to be similar across emotional, somatic, and 

cognitive symptom categories. Therefore, the results indicating a correlation between 

eFAA and current PCS reporting can’t be solely attributed to emotional symptoms 

or possible depression. Furthermore, previous depression was an exclusion criterion 
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for the study, thus the results shouldn’t be explained by an underlying condition, but 

rather reflect symptoms encountered after TBI.  

Further studies on subjects with diagnosed post-concussion syndrome or MDD 

after MTBI would be beneficial in assessing whether our results are replicable in 

patients actually diagnosed with these conditions and whether the eFAA would 

provide similar results in them, supporting its development towards a clinical tool. 

It would also be useful to evaluate eFAA in subjects with MDD but no brain trauma. 

On the other hand, as FAA is thought to reflect vulnerability to depression and the 

ability of the eFAA to distinguish between non-symptomatic and symptomatic 

MTBI subjects was hypothesized to originate from the ability of the non-

symptomatic group to prevent this vulnerability from manifesting as ongoing 

symptomatology, one would expect that subjects with MDD would present a similar 

eFAA pattern as symptomatic MTBI. Thus, the eFAA might not be a sensitive 

biomarker for conditions related to brain trauma only, but to any condition where 

integration of threat-related stimuli into further cognitive processing is altered. Also, 

anxiety and its assessment in future studies involving FAA would be beneficial, as 

different patterns of FAA have been associated with anxiety (Nusslock et al., 2018) 

and FAA in context of threat could have an even stronger association with anxiety 

than depression. 

The extent of attention allocation and cognitive control was assessed using ERPs. 

The neuropsychological correlates of the P3 and N2 potentials have been suggested 

to reflect multiple different processes. Thus, our simplistic interpretation of the P3 

wave reflecting the amount of allocated attention might be too straightforward. 

Traditionally, P3 potentials are linked to attentional processing (Polich, 2007), but 

updates on the role of P3 reflecting functions like context updating and cognitive 

control (Barceló and Cooper, 2018a) have been offered. Thus, for example modern 

predictive coding theories of cortical EEG/ERP responses that contemplate 

"attention" as intimately related to the "precision" (the complement of uncertainty) 

of prediction errors (Barceló, 2021) have not been considered in the theoretical 

framework or interpretation of the results. Factors related to the task and the 

individual performing it, like task difficulty and type of cognitive operation (Kok, 

2001), form of control operations (reactive versus proactive) directed to the task 

(Barceló and Cooper, 2018a), age of the individual (Saliasi et al., 2013), awareness of 

task features and confidence performing it (Ye et al., 2019) and many more affect 

the final form of the P3 wave. The P3 family is thought to reflect activity on multiple 

cognitive domains, like attention, working memory, decision making and language 

processing, responsible for integrating relevant information in these domains 
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(Barceló and Cooper, 2018a). However, the paradigms used throughout all the 

studies in this thesis were highly similar except for the relevance of emotional stimuli, 

thus it feels safe to assume that the P3s observed reflect similar processes, despite 

the exact nature of them. Similarly, whether the N2 potentials reflected increased 

cognitive control or attention allocation is not possible to define based on our study, 

nevertheless, they reflect some form of increased processing directed to the task and 

threat, and this process was altered in subjects with brain injury. 

EEG data are excellent in temporal resolution but are not able to provide exact 

spatial information, thus the location of some event should be interpreted with 

caution. We used the spatial locations of the electrodes as estimates of the location 

of events, even though we didn’t conduct source localization analysis, which could 

give more accurate information. Therefore, future studies would benefit from 

applying source localization methods to gain more exact information on the spatial 

location of events as well. Similarly, employing imaging methods such as DTI or 

magnetoencephalography could have strengthened our understanding of the 

observed alterations in emotion-attention interactions originating from damage to 

the frontal-subcortical processing networks. Regarding frontal alpha asymmetry, 

methodological concerns in choosing a reference have been raised, as in all 

traditional reference schemes the signal in the frontal electrodes is easily 

contaminated by volume conduction of alpha waves from other brain areas like the 

occipital cortex (Allen et al., 2018). Current source density method, utilizing the 

surface Laplacian and estimating the local alpha for every electrode, reduces the 

effect of contamination from other alpha sources and might be a more robust 

reference method (Stewart et al., 2014). On the other hand, when calculating the 

FAA, the effect of reference disappears in the calculation, thus different reference 

schemes should provide reliable measures if only the asymmetry score is used, thus 

we relied on a more traditional reference scheme. Moreover, our approach with alpha 

power recorded during task-performance is thought to be more reliable in measuring 

the altered affective networks compared to traditional resting state recordings 

(Stewart et al., 2014). 

Two versions of the Executive RT Test were used in this thesis, with the other 

version introducing emotional stimuli only as task-irrelevant distractors and the 

other as both distractors and task-relevant stimuli. Even though the idea was to 

investigate the differences in voluntary versus involuntary attention to emotion, the 

task with emotional stimuli as task-relevant targets was more difficult, complicating 

the interpretation of the effects related to relevance of the emotional stimuli. 

Nevertheless, the Executive RT Test was sensitive in detecting altered emotion-
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cognition interactions after brain injury, highlighting the usability of the task in 

further studies in populations with brain injury or other clinical conditions where 

these interactions are altered. Furthermore, task-induced emotional modulation of 

FAA i.e., the eFAA correlated with subjective reports of depressive and post-

concussive symptoms, proposing it could be used as a biomarker for alterations in 

affective brain functions. 

6.4 Summary 

Brain injuries frequently lead to subtle alterations in affective and cognitive 

functions. We detected altered emotion-attention and emotion-executive function 

interactions in subjects with MTBI and OFC lesion as evidenced by objective 

electrophysiological and behavioral data and subjective questionnaires. Both MTBI 

and OFC lesion increased attention allocation to task-relevant threat-related 

emotional stimuli. Subjects with MTBI also allocated more attention to task-

irrelevant threat than control subjects with ankle injury. In contrast, subjects with 

OFC lesion failed to initially allocate attention to task-irrelevant threat but processed 

these stimuli with a delayed timeline. Subjects with MTBI also presented with more 

rightward FAA, suggested to reflect vulnerability to depression. In MTBI, post-

concussion symptoms and affective symptoms correlated with objective alterations 

in the balance of brain’s electrical activity in the frontal regions in response to 

emotional stimuli, reflected in a novel index, the eFAA. In behavioral measures, the 

MTBI group had improved performance while allocating attention to task-relevant 

threat but impaired performance when facing task-irrelevant threat. In the OFC 

group, behavioral effects were not as straightforward, as they had challenges in the 

easier EF task but were less impaired with more difficult task suggesting they may 

overcompensate for their compromised executive functions.  

We speculate that MTBI leads to microstructural alterations in networks 

subserving emotion-attention and emotion-executive functions interactions, that 

contribute to both affective and cognitive processing. OFC injury, on the other hand, 

is a lesion in a key node of emotion regulation circuits with some overlapping effects 

with MTBI and some distinct consequences in these interactions. Inefficiently 

functioning top-down control circuits create challenges in controlling the effect of 

bottom-up stimuli on further processing, resulting in the observed increase in 

attention allocation to threat. Increased attention allocation to emotional stimuli 
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when they are task-relevant, may even improve task-performance as was seen in both 

groups. 

However, impaired top-down control of both task-relevant and task-irrelevant 

negative emotional information may predispose to depression in MTBI, with 

increased attention to threat reflecting a negativity bias typically encountered in 

depression. Both groups also showed prolonged processing of threat, possibly 

contributing to such negativity bias. Moreover, we speculate that imbalance in 

attentional processing of emotion, with strong top-down task-relevant attentional 

mechanisms dominating bottom-up task-irrelevant emotional processing, may lead 

to situations where task-irrelevant but otherwise important affective information 

doesn’t receive adequate attention to be evaluated and integrated into further actions. 

This may explain difficulties patients with OFC lesion encounter with emotional 

information failing to guide appropriate choices and actions, especially in social 

interactions. Based on our studies, vulnerability to affective symptoms might be 

more related to excessive attention allocation to threat in MTBI whereas imbalance 

and temporal alterations in involuntary and voluntary attention allocation to task-

relevant and task-irrelevant threat stimuli underlie the symptoms experienced by 

subjects with OFC lesions. 

The challenges encountered in everyday life after both OFC lesion and MTBI are 

not typically detected with traditional neuropsychological tests and lack of objective 

ways to uncover these difficulties is a major problem. We suggest that testing 

methods combining tasks engaging executive functions and emotional stimuli 

simultaneously are better at detecting the challenges experienced after MTBI or OFC 

lesion, where altered interactions of affective and cognitive processing are present. 

Therefore, the Executive RT Test could be further developed into a clinical tool for 

assessing subjects with TBI and other clinical conditions involving challenges in 

emotion-attention and emotion-EF interactions. Moreover, the ERP method is 

sensitive in uncovering subtle alterations in emotion-cognitive interaction, occurring 

in a time range of milliseconds, thus combining behavioral tasks with objective 

measures of brain physiology and subjective reporting constitute a comprehensive 

way to assess brain injury. 

Moreover, the eFAA, suggested to reflect functions of the frontal-subcortical 

circuits in charge of emotional and cognitive control processes, was sensitive in 

distinguishing MTBI subjects with ongoing post-concussion symptoms and those 

without. These results further support the role of alterations in these circuits in 

underlying prolonged PCS and offer a novel method for assessing MTBI and 

prolonged symptoms. Enhanced attention allocation to and inability to disengage 
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attention from emotional stimuli coupled with rightward FAA may reflect 

vulnerability to emotional symptoms in MTBI, when emotional, especially negative 

stimuli dominate attentional networks. The eFAA could be used as a biomarker for 

MTBI, where early detection of vulnerability to affective and prolonged symptoms 

could offer a possibility for taking preventive actions before the vulnerability 

manifests as a clinical condition. 

In summary, attention to emotional stimuli is increased after MTBI, possibly 

originating from difficulties in top-down regulatory attention. It’s speculated that 

together with more rightward FAA, these alterations may predispose subjects with 

MTBI to emotional symptoms and depression. We propose that the OFC is crucial 

in balancing involuntary and voluntary attention, guiding attention to task-irrelevant 

but otherwise relevant emotional stimuli and with OFC lesion, attention allocation 

to targets is prioritized. We speculate that challenges in allocating attention to 

emotionally or socially relevant stimuli may underlie the challenges experienced after 

OFC lesion when this information can’t be integrated into actions. Moreover, we 

present a novel biomarker, the eFAA, that reflects threat-related modulation of FAA 

and subjective post-concussion symptoms and could be beneficial in future 

assessment of subjects with brain injury. 
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7 CONCLUSIONS 

Altered emotion-attention interaction was observed due to previous MTBI, 

specifically increased attention allocation towards threat. Moreover, subjects with 

previous MTBI showed similar patterns of FAA as subjects with depression or those 

prone to it. We propose that increased attention to threat and more rightward FAA 

may reflect vulnerability to emotional symptoms and depression after MTBI. 

eFAA, i.e., FAA in context of threat, was sensitive in distinguishing MTBI patients 

who reported ongoing post-concussion symptoms from those with no ongoing 

symptoms and healthy controls. Moreover, the eFAA was negatively correlated with 

subjective reports of depressive symptoms and post-concussion symptoms. We 

suggest that measuring task-induced FAA in context of threat might reveal 

alterations in brain dynamics predisposing to prolonged symptoms and depression. 

An objective and feasible brain-physiology based measure reflecting alterations in 

affective processing and correlating with subjective symptom reporting is a valuable 

and novel tool, and should be utilized in further studies. eFAA has potential as a 

biomarker of MTBI reflecting subjective symptoms. 

We suggest that the orbitofrontal cortex has a key role in the interaction between 

emotion and attention. The OFC contributes to balancing attentional and executive 

function resources to task-relevant and task-irrelevant emotional stimuli. A lesion to 

the OFC impairs this balance, favoring top-down processing of task-relevant 

emotion over bottom-up processing of task-irrelevant emotion. When task-

irrelevant emotional information is encountered, its processing is temporally altered. 

Initial attention allocation to emotion may be impaired with prolonged processing 

of it afterwards, and more cognitive control resources needed in this process. 

Increased cognitive control might be partly a compensatory mechanism needed due 

to generally impaired executive functions after OFC lesion. We propose that the 

observed alterations in neural dynamics of processing affective information during a 

cognitive task may be underlying the challenges in situations with social and 

emotional content, often encountered after OFC lesion. 
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We suggest that assessing alterations in emotion-attention interaction using measures 

of brain electrophysiology and cognitive performance after MTBI and OFC injury 

may provide sensitive tools for objectively detecting alterations in affective brain 

functions, that may underlie the symptoms experienced by these patients. 
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Abstract

Mild traumatic brain injury (mTBI) may be associated with compromised executive functioning and altered emotional

reactivity. Despite frequent affective and cognitive symptoms in mTBI, objective evidence for brain dysfunction is often

lacking. Previously we have reported compromised performance in symptomatic mTBI patients in an executive reaction

time (RT) test, a computer-based RT test engaging several executive functions simultaneously. Here, we investigated the

cognitive control processes in mTBI in context of threat-related stimuli. We used behavioral measures and event-related

potentials (ERP) to investigate attentional capture by task-relevant and task-irrelevant emotional stimuli during a Go-

NoGo task requiring cognitive control. We also assessed subjective cognitive, somatic, and emotional symptoms with

questionnaires. Twenty-seven subjects with previous mTBI and 17 controls with previous ankle injury participated in the

study over 9 months post-injury. Electroencephalogram (EEG) was recorded while patients performed a modified ex-

ecutive RT-test. N2-P3 ERP component was used as a general measure of allocated attentional and executive processing

resources. Although at the time of the testing, the mTBI and the control groups did not differ in symptom endorsement,

mTBI patients reported having had more emotional symptoms overall since the injury than controls. The overall RT-test

performance levels did not differ between groups. However, when threat-related emotional stimuli were used as Go-

signals, the mTBI group was faster than the control group. In comparison to neutral stimuli, threat-related stimuli were

associated with increased N2-P3 amplitude in all conditions. This threat-related enhancement of the N2-P3 complex was

greater in mTBI patients than in controls in response to Go signals and NoGo signals, independent of relevance. We

conclude that mTBI may be associated with enhanced attentional and executive resource allocation to threat-related

stimuli. Along with behavioral evidence for enhanced attention allocation to threat stimuli, increased brain responses to

threat were observed in mTBI. Enhanced attention capture by threat-related emotional stimuli may reflect inefficient top-

down control of bottom-up influences of emotion, and might contribute to affective symptoms in mTBI.

Key words: attention; EEG; emotion; mTBI; response inhibition

Introduction

Mild traumatic brain injury (mTBI) may sometimes be

associated with prolonged affective symptoms such as irri-

tability, enhanced emotional reactivity, anxiety, and depression,

even though objective evidence for brain dysfunction is typically

lacking. Depression is a common concomitant after TBI.1 In ad-

dition to a variety of psychosocial factors contributing to depres-

sion after MTBI, there is evidence for disrupted corticolimbic

neural circuitries that are critical for mood regulation and emotion–

attention interaction,2 supporting that there are biological mecha-

nisms behind depression after mTBI.3

Integrity of frontal circuits is critical for efficient executive

functions needed for coordinating cognitive functions and creating

goal-oriented, purposeful actions,4 as well as for controlling emo-

tions and mood.5 Many of the symptoms frequently reported by

mTBI patients such as distractibility and emotional reactivity, as

well as light and noise sensitivity, suggest deficient frontal top-

down executive and attentional control of cognitive, emotional, and

sensory processes. Whereas most mTBI patients fully recover,

some remain symptomatic with deficits in attentional and executive

functions thought to be the result of disrupted integrity of frontal

circuitries.6 In addition, there is imaging, electrophysiological, and

pathophysiological evidence pointing to frontal dysfunction in

mTBI. These include reports of reduced frontal activation,7 dis-

rupted frontal functional connectivity,8 diminished frontal inter-

hemispheric coordination,9 and microscopic frontal trauma-related

pathology in mTBI.10
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An intact prefrontal cortex provides a dynamic filter that allows

us to focus our attention on selected stimuli, while ignoring oth-

ers.11 Because of the brain’s limited pool of neural processing re-

sources, selective attention is needed as a mechanism allowing the

selection of which stimuli receive the processing resources at a

given time.12 Voluntary top-down control of attention relying on

frontal functions gears attentional resources to stimuli that are

relevant to the current goals, whereas involuntary bottom-up

mechanisms gear attention toward salient or biologically important

stimuli, such as emotional stimuli.13 Fine and flexible balance be-

tween the bottom-up and top-down attentional control mechanisms

allows for adaptive behaviors.

Emotional stimuli, especially those that are threat related, are

thought to be prioritized for access to attentional resources because

of their biological, evolutionary, and behavioral relevance.14,15

Deficient frontal functions may lead to stronger bottom-up influ-

ence of threat-related negative emotional information and ineffi-

cient top-down control of emotion, such as the reappraisal

mechanism necessary for maintaining euthymic mood. Alterations

in normal emotion–attention interaction, such as bias toward allo-

cating attention to negative information, are typically seen in

anxiety and depression.16

Applying computer-based attention tasks with emotional dis-

tractors allows objective assessment of emotion–attention interac-

tion and its alterations in clinical populations with brain damage or

a disorder that impacts limbic or attentional circuitries. By mea-

suring emotional interference on task performance, we have pre-

viously observed enhanced attention allocation to threat-related

distractors in epilepsy patients treated with deep brain stimulation

(DBS) of the anterior thalamic nuclei (ANT).17 In accordance with

this objectively measured alteration in emotion–attention interac-

tion toward negativity bias encountered in depression, ANT-DBS

treatment has been linked with subjective reports of depression

symptoms.18

Even when irrelevant to the current goals, emotional stimuli tend

to capture attentional resources leading to interference of task

performance,14 along with reduction in target-related brain poten-

tials19 and attention network activation.20 Event-related potentials

(ERPs) are well suited for studying neural mechanisms and dy-

namics of emotion–attention interaction and possible alterations in

its nature, magnitude, and time course as a result of brain injury.21,22

ERP evidence has provided valuable information about the role of

orbitofrontal cortex in emotion–attention interaction,23 and sup-

ported the notion that frontal injury leads to deficits in top-down

modulation by the anterior control system.22

For better understanding of cognitive and affective symptoms

associated with mTBI and their mechanisms, it is essential to assess

possible alterations in emotion–attention and emotion–executive

function interactions and how they are reflected in behavior and

brain physiology. Although there are some studies on the impact of

mTBI on affective, attentional, and executive functions,21,24 few

studies have investigated alterations in emotion–attention and

emotion–executive function interactions, let alone their mecha-

nisms. In the current study, we investigated whether attention al-

location to emotional stimuli and emotion–executive function

interaction are altered in patients with a history of mTBI in com-

parison with a demographically controlled non-head trauma group

with a history of ankle injury, recruited from the same emergency

room.

We investigated cognitive control processes in MTBI in the

context of threat-related stimuli. We used behavioral measures and

ERPs to investigate attention capture by task-relevant and task-

irrelevant emotional stimuli during a task requiring cognitive

control. Attention to task-relevant stimuli evokes a positive parietal

ERP waveform called P3, preceded25 by a negative deflection

called N2. N2-P3 components are generally implicated in atten-

tional orientation with greater N2-P3 peak-to-peak amplitude in

response to stimuli that capture more attention. Anterior fronto-

central N2 amplitude has been reported to increase as the demand

for cognitive control increases,26 whereas parietal P3 amplitude has

been suggested to reflect increased attentional resources to moti-

vationally significant stimuli.27 In order to investigate emotion–

attention and emotion–cognitive control interaction, and how these

interactions might be altered after mTBI, we used N2-P3 peak-to-

peak amplitude as a general measure of allocated processing re-

sources. More specifically, central N2 peak was used as an index of

cognitive control, and parietal P3 as an index of allocated atten-

tional resources. With vulnerability to depression and frequent

affective symptoms in mTBI, we hypothesized that weaker frontal

top-down control of emotional signals in mTBI would enhance

attention allocation to threat-related emotional stimuli evidenced

by enhanced effect of emotional stimuli on behavior and ERPs.

Methods

Subjects

Patients admitted to the Tampere University Hospital emer-
gency room between January 2010 to May 2012 for mTBI (n = 27)
or ankle injury (controls, n= 17) were recruited. The groups were
matched in age, sex, and level of education. (mTBI: 12 females, 15
males, mean age 41 years, mean education 14.5 years; controls: 11
females, 6 males, mean age 40 years, mean education 15.8 years).
The inclusion criteria for mTBI used in this study were those of the
World Health Organization Center Force on mTBI.28 These diag-
nostic criteria for MTBI include: 1) biomechanical force applied to
the head resulting in loss or alteration of consciousness, confusion,
and/or post-traumatic amnesia (PTA); 2) loss of consciousness if
present for < 30min, Glasgow Coma Scale (GCS) score 13–15
after 30min following injury; and 3) if PTA, duration < 24 h.
Exclusion criteria included previous psychiatric or neurological
disorder or substance abuse. All of the patients provided a written
informed consent according to the declaration of Helsinki. The
study was approved by the Ethical Committee of the Tampere
University Hospital.

The average time from the injury to the research visit including
the electroencephalogram (EEG) recording, computer-based
emotional NoGo task, and the questionnaires, was 20.4 months
(range 9–37 months) post-injury.

Questionnaries

All of the participants filled in questionnaires including demo-
graphic information, Behavior Rating Inventory of Executive
Function Adult version (BRIEF-A), Rivermead Post Concussion
Symptoms Questionnaire, and Beck’s Depression Inventory (BDI).
The BRIEF-A assesses subjective view of everyday behaviors as-
sociated with executive functioning. The Rivermead Post Con-
cussion Symptoms Questionnaire (RPCSQ)29 lists the symptoms
most commonly associated with brain injuries; for example,
headache, nausea, dizziness and depression. BDI30 is a 21 question
inventory developed for assessment of possible depressive symp-
toms and their severity.

Modified executive reaction time (RT) test

A computer-based Go-NoGo visual discrimination paradigm
used in this study was modified from an executive RT test that has
been previously shown to detect subtle executive impairment after
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mild brain injury,24 as well as alterations in emotion–attention in-
teraction caused by deep brain stimulation in epilepsy patients.17

The executive RT test requires multiple executive functions to be
engaged simultaneously, such as inhibition, shifting, emotional
control, and working memory. In the modified executive RT test
used in this study, emotional stimuli served as task-irrelevant dis-
tractors as well as task-relevant Go or NoGo signals (Fig. 1). This
allows for investigating the capture of attentional resources by
emotional stimuli when they are competing with the task demands
(distractors) as well as when they are central to the task demands
(signals).

We used black line drawings forming an image of a spider
(emotional distractor/signal) as threat-related emotional stimuli,
and emotionally neutral control stimuli that were constructed from
identical line components rearranged in a different configuration
forming an image of a flower (neutral distractor/signal). Line
drawings were used in order to control for other visual features such
as color, brightness, contrast, spatial frequency, and complexity.
These stimuli have been previously shown to evoke emotion-
related behavioral and electrophysiological responses both in
healthy subjects34 and in patient populations.31

The subjects were seated in front of a computer screen at a
distance of 1m. A computer program (Presentation, Neurobeha-
vioral Systems, Inc.) presented the paradigm and collected the
response data. The paradigm consisted of upright- and downward-
facing triangles presented for 150msec in a random order. There
were two different kinds of blocks: one where emotional stimuli
were relevant and one where they were irrelevant. In half of the
blocks where emotion stimuli were relevant, the spider signified a
Go signal and the flower a NoGo signal. In half of the blocks this
rule was reversed. When emotional stimuli were task-irrelevant
distractors, the color (red or green) on the background of the spider
or flower served as the Go or NoGo signal. Subjects had to flexibly
shift between these four different rules for responding, keep the
response rule in working memory, and inhibit responding accord-
ing to the previous rule. After a Go signal, the subjects had to press
a button with their index finger if the triangle had been facing

downwards and with their middle finger if the triangle had been
facing upwards. Subjects had to hold the orientation of the triangle
in their working memory, as the triangle had already disappeared
from the screen when a Go signal appeared. The subjects were
instructed to answer as fast and accurately as possible. One block
consisted of 64 trials, and the subjects completed a total of 16
blocks: four of each different block type. The block type and,
therefore, the rule for answering, changed between every block.
Response hands were counterbalanced.

EEG recording and processing

EEGwas recorded with 64 channel actiCAPAg/AgCl electrodes
(Gilching, Germany). EEG was digitized with a 512Hz sampling
rate. The impedance of the electrodes was below 5 kO. The ERP
analysis was conducted with Brain Vision Analyzer 2 (Brain Pro-
ducts, Gilching, Germany). The EEG data were referenced offline
to linked mastoids (TP9 and TP10) and band-pass filtered (0.5–
30Hz; 24 dB/octave). Eye movements were corrected based on a
semiautomatic independent component analysis. Epochs with
amplitudes > – 100lV were rejected. Single trials from 200msec
pre- to 1800msec post-stimulus (triangle) presentation were aver-
aged for each condition.

Behavioral analysis

Mean values of RT and number of errors were measured for the
different conditions and for each subject. There were three different
error types: incorrect button presses, commission errors, and missed
responses. An incorrect response indicated an incorrect button press
to the orientation of the triangle during a Go trial. Incorrect error is
thought to reflect lapse in workingmemory or attention performance.
A commission error indicated a failure in withholding from re-
sponding on a NoGo trial. A commission error is thought to reflect
a failure in response inhibition. A miss indicated failure to respond
during a Go trial within a given time. Misses reflected inattention
and/or inability to initiate a response within the allowed time.

FIG. 1. Schematic presentation of the modified executive reaction time (RT) test. Example of two trials. Subjects were instructed to
respond to the orientation of a triangle with a button press if a Go signal was presented after the triangle, and to withhold from
responding if a NoGo signal was presented. There were four different block types with identical sets of trials presented in random order,
but with different stimuli (spider, flower, green, red) serving as Go and NoGo signals. In the emotion relevant condition, either a spider
was a Go-signal and a flower was a NoGo signal or vice versa. In the emotionally irrelevant condition, one of the colors (red or green)
was a Go signal and the other a NoGo signal, with emotional stimuli serving as task-irrelevant distractors. Therefore, with identical
stimuli presented in different block types with the only difference being stimulus relevance to the task, mere physical properties of the
stimuli do not explain different effects in emotionally relevant and irrelevant conditions. Similarly, with emotional (spider) and
emotionally neutral stimuli (flower) constructed from the same line components, emotional effects observed in this study cannot be
explained by any lower level visual attributes. Color image is available online at www.liebertpub.com/neu
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ERP analysis

ERPs were averaged according to valence of the emotional
stimuli (threat [NEG] or neutral [NEU]), relevance of the emotional
stimuli for the task (relevant [R] or not relevant [NR]) and the
response signal (Go or NoGo). With visual inspection of the grand
average waveforms, we identified N2 and P3 peaks (see Fig. 2). The
emotion relevant condition led to longer reaction times and delayed
N2 and P3 ERP peaks in comparison with the emotion irrelevant
condition. This was probably because the line drawing discrimi-
nation required in the emotion relevant condition was a harder task
than the color discrimination required in the emotion irrelevant
condition. Therefore, slightly different time windows for ERP peak
detection were used for the emotion relevant and irrelevant con-
ditions. The time windows were expressed from the onset of the
trial; that is, from the onset of the triangle presentation. The onset of
the Go-NoGo signal/Emotional stimuli was at 300msec from the
trial onset. The time windows used for peak detection were 550–
700msec (R), 500–650msec (NR) for N2 and 700–800msec (R),
650–750 (NR) for P3. We used N2-P3 peak-to-peak amplitude as a
general index of attentional and executive processing resource al-
location. Peak-to-peak amplitude measurement allows for sub-
tracting the effect of slow positive or negative ERP deflections
caused by other cognitive processes being concurrent with N2 and
P3 peaks, thus allowing for a better estimate of overall resource
allocation than a single peak measurement. We further used central
N2 and parietal P3 peak amplitudes as indexes of cognitive control
and attentional resources, correspondingly. The central region was

chosen for investigating the anterior frontocentral N2, because the
N2 peak amplitude maxima was centrally located.

We further explored the time course of the ERPs by dividing the
interval between 550 and 850msec into 50msec time windows.
The mean amplitude in each time window was extracted, and these
data were used for statistical analysis. Identification of peaks and
computation of mean amplitudes were performed in MATLAB 12
(Math Works Inc., Natick, MA).

Statistical analysis

SPSS (SPSS Inc., Chicago, IL) was used for statistical analysis.
Normal distribution of the variables was tested statistically with the
Kolmogorov–Smirnov test. Repeated measures analysis of vari-
ance (RM-ANOVA) was performed on RTs, and different error
types with emotion (threat, neutral) and task relevance of the
symbolic stimuli (relevant, irrelevant) as within-subject factors and
group as the between-subject factor (control, mTBI).

The average scores from questionnaires for the ankle and mTBI
groups were compared with the Mann–WhitneyU test. For RPCSQ
scores, the total symptom score and separate scores for different
kinds of symptoms were compared with three different categories:
somatic, emotional, and cognitive symptoms.

N2-P3 peak-to-peak amplitude was used as a general measure of
resource allocation. For statistical assessment of the ERPs, RM-
ANOVA was performed to test for group differences in N2-P3
amplitude separately for the Go and NoGo conditions with emotion
(threat, neutral), task relevance of the emotional stimuli (relevant,

FIG. 2. Greater attention capture by task-relevant emotional stimuli in mild traumatic brain injury (mTBI). Threat-related Go signals
evoked greater N2-P3 amplitude than neutral signals in the mTBI group than in the control group. Parietal P3 showed a trend, and
central N2 showed a significant threat-related enhancement in the mTBI group. Grand average event-related potentials (ERPs) in
response to emotionally relevant Go trials are illustrated from nine electrodes that were used to form frontal (F3, Fz, F4), central (C3,
Cz, C4), and parietal (P3, Pz, P4) regions of interest for statistical analysis. The bottom plots from left to right illustrate 1) average N2-
P3 peak-to-peak amplitudes across all regions of interest (frontal, central, parietal); 2) central N2 peak; and 3) parietal P3 peak
amplitudes for mTBI and control groups in response to emotional (NEG) and emotionally neutral (NEU) control stimuli. Error bars
indicate standard error. **p < 0.001.
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irrelevant), and EEG brain region (frontal, central, parietal) as
within-subject factors, and group (control, mTBI) as the between-
subject factor. To reduce the number of statistical comparisons and
to improve signal-to-noise ratio, we clustered electrodes over re-
gions of interest: frontal (F3, Fz, F4), central (C3, C4, Cz), and
parietal (P3, Pz, P4) areas. Because parietal P3 is especially im-
plicated in attentional allocation,25 and frontal N2 is implicated in
control processes,32 we conducted a separate RM-ANOVA analy-
sis for P3 peak amplitude in the parietal region and N2 peak am-
plitude in the frontal region with emotion (threat, neutral) and task
relevance of the symbolic stimuli (relevant, irrelevant) as within-
subject factors, and group (control, mTBI) as the between-subject
factor.

Results

Questionnaires

There was a significant difference between the groups in the

RPCSQ overall emotional symptom score, with the mTBI group

reporting more emotional symptoms (1.81– 3.16) than the control

group (0.41 – 1.28, p < 0.05). The symptoms categorized as emo-

tional were depressed/fearful feelings, frustration/impatience, irri-

tability/getting angry easily, and restlessness. There were no other

significant differences between groups in any of the other ques-

tionnaire scores including the BDI score, BRIEF-A total score, and

BRIEF-A subscores for different executive functions.

Electrophysiological results

The irrelevant condition was associated with better performance

than the relevant condition, including faster RTs (F = 119, p = 0.05,
effect size: 0.81). The groups performed the task at comparable

levels in general, with no difference in RTs between the groups.

However, mTBI patients were faster than controls in the emotion

relevant condition (post-hoc t test in the relevant condition, mTBI

vs. controls: T= 2.13, p= 0.039, effect size = 0.58). Threat-related
stimuli were associated with faster RTs than neutral ones (T = 4.92,
p < 0.001, effect size = 0.09). Speeding of RTs was significant only

when emotional stimuli were task relevant; that is, threat-related

Go signals (post-hoc t test in the relevant condition, threat vs

neutral: T = 5.23, p < 0.001, effect size = 0.17), and only in the

mTBI group (post-hoc t test in mTBI in the relevant condition,

threat vs neutral: T = 6.59, p< 0.001, effect size = 0.24). The groups
had also comparable performance levels with regard to accuracy,

with no main effect of group for error analysis. There was an in-

teraction effect of emotion by relevance by group (F = 4.33,
p = 0.043) for commission errors, with the mTBI group making

more commission errors in the context of threat-related distractors

compared to controls (post-hoc t test, threat, mTBI vs. controls:

T = 2.089, p= 0.044, effect size = 1.09).
Threat-related stimuli evoked greater N2-P3 amplitude in both

Go and NoGo trials, suggesting enhanced allocation of processing

resources caused by emotional stimuli in general (Go: F = 19.2,
p < 0.001, effect size = 0.18; NoGo: F= 15.8, p < 0.001, effect

size = 0.2). Enhanced resource allocation to emotional stimuli was

seen only in the mTBI group with task-relevant emotional Go

signals evoking greater N2-P3 amplitude than neutral ones (Fig. 2)

(interaction effect emotion by group: p = 0.013; post-hoc t test in

mTBI, threat vs. neutral: T = 5.53, p< 0.001, effect size = 0.42). In
controls, significant emotional enhancement of N2-P3 peak-to-

peak amplitude was not observed. Emotional enhancement of N2-

P3 amplitudes were further investigated by separate analysis of

central N2 and parietal P3, indexing cognitive control and atten-

tional resources respectively. In contrast to controls, N2 peak am-

plitude was significantly enhanced by emotional Go signals in the

mTBI group (Fig. 2) (N2, interaction effect emotion by group:

F = 8.13, p= 0.007; post-hoc t test in mTBI, threat vs. neutral:

T = 7.3, p< 0.001, effect size = 0.45). The emotional enhancement

of parietal P3 peak was approaching significance (interaction effect

emotion by group: F= 4.32, p= 0.044; post-hoc t test in mTBI,

threat vs. neutral: T = 2.00, p= 0.056, effect size = 0.14).
The time window analysis showed that in the Go situation, and

when emotional stimuli (spider or flower) were relevant to the task,

there was a significantly greater negativity in response to threat-

related than to neutral stimuli from 550 to 600msec in both groups.

Importantly, during the 600–650msec interval, this difference was

still present in the mTBI group but not in controls. The greater

negativity lasted longer in the frontal plane in the mTBI group than

in controls.

NoGo trials engaging inhibitory cognitive control processes

evoked greater N2-P3 amplitude in the context of threat-related

stimuli. This threat-related enhancement of NoGo N2-P3 average

amplitude derived from the nine electrodes in the fronto-centro-

parietal region was significant only in the mTBI group (Fig. 3)

(interaction effect emotion by group: F= 6.29, p= 0.016; post-hoc
t test in mTBI, threat vs. neutral: T= 4.59, p< 0.001, effect size =
0.32). Separate analysis on the contribution of the central N2 to this

emotion-related N2-P3 enhancement showed that central N2 for

NoGo trials was significantly enhanced by a threat-related context

in both the mTBI and control groups, with a trend toward a greater

effect in the mTBI group (emotion main effect: F = 30.54,
p < 0.001; interaction effect emotion by group: F= 3.92, p= 0.054;
post-hoc t test in mTBI, threat vs. neutral: T = 5.36, p< 0.001, effect
size = 0.29; post-hoc t test in controls, threat vs. neutral: t = 2.66,
p = 0.016, effect size = 0.16). There were no significant group or

emotion effects for parietal P3 in NoGo trials.

Discussion

This study provides novel evidence for altered emotion–attention

and emotion–executive function interaction in patients with a his-

tory of mTBI. mTBI group allocated more attentional resources

to emotional stimuli, as was evidenced by the greater influence

of emotional stimuli on both behavior and brain physiology. We

reported enhanced attention allocation to threat-related stimuli

evidenced by increased N2-P3 amplitudes in the mTBI group.

Furthermore, in the mTBI group, enhanced attention allocation to

threat-related stimuli led to improved performance when the

emotional cue was relevant to the task, and impaired performance

when the emotional stimuli was irrelevant to the task.

Robust brain mechanisms within the limbic circuitry support

survival by allowing for automatic attention allocation to biologi-

cally threatening stimuli such as spiders. Bottom-up influence of

emotionally threatening stimuli is controlled by top-down mecha-

nisms suppressing undue emotional reactivity. In the current study,

we used line drawings of spiders to study threat-related attention

allocation. In order to control for low-level visual features, line

drawings of spiders were used as emotional stimuli, whereas the

emotionally neutral control stimuli were constructed from identi-

cal visual components, but in a different configuration. Identical

low-level visual attributes are unobtainable with natural scenes

or photographs. Emotional stimuli depending upon low visual-

spatial frequency information have been shown to readily activate

the amygdala.33 Furthermore, similar line drawings of spiders have

been shown to have robust influence on attention networks and
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behavior.17,31,34 Therefore, the spider stimuli used in this study

presumably activated automatic threat-related processes in the

limbic circuitries with prioritized access to attention networks.

Despite the challenges of controlling for other visual attributes

when using more natural emotional and social stimuli, future

studies with such stimuli will provide important further insight into

emotion–attention interaction and its possible alterations in mTBI

patients.

mTBI patients allocated more attentional resources to emotional

stimuli than did control subjects, both when emotional stimuli were

relevant and when they were irrelevant to the task. Attention

allocation to an emotionally relevant condition seemed to be en-

hanced in mTBI patients in contrast to control subjects, with en-

hanced response speed and increased ERPs in response to

emotionally relevant Go trials. When attention allocation was

enhanced to emotional stimuli that were relevant to the task, per-

formance improved. On the contrary, when emotional stimuli were

irrelevant to the task and they competed for the attentional re-

sources with task-relevant stimuli, task performance suffered. In

NoGo trials, emotional stimuli independent of relevance captured

attentional resources more than neutral stimuli, and to a greater

extent in the mTBI group than in controls, as evidenced by an

enhanced N2-P3 NoGo response. Attention allocation to threat-

related stimuli was disruptive to behavior when emotional stimuli

were distractors. mTBI patients made more commission errors; that

is, errors in which response inhibition failed in the context of

emotional distractors.

The phenomenon called ‘‘negativity bias’’ suggests that allo-

cation of attentional resources is biased toward negative stimuli in

general.35 This is in accordance with our findings with both groups

being faster with relevant emotional stimuli, and experiencing

greater negativity in response to threat-related stimuli than to

neutral stimuli in the ERPs between 550 and 600msec in a Go

situation, indicating that threat recruits more attentional resources

than do neutral distractors in general. In our study, it seemed as if

mTBI led to even stronger prioritization and prolonged processing

of emotionally negative, threat-related stimuli. In the mTBI group

only, the enhanced negativity evoked by emotional stimuli was still

present between 600 and 650msec, reflecting prolonged attention

allocation to emotional stimuli or delayed disengagement of at-

tention away from emotional stimuli back to the task.

The prefrontal cortex is thought to be susceptible to brain injury.

Inefficiently functioning frontal circuitries in mTBI might reduce

frontal filtering of or frontal top-down control of emotional signals,

leading to greater attention allocation to and impact of emotional

stimuli. Emotional stimuli call for the executive processing re-

sources required for controlling emotional reactivity and adjusting

behavior appropriately. Even though affective and higher cognitive

control functions depend upon distinct neural circuitries, these

circuitries and their functions are intricately interconnected,36 with

FIG. 3. Altered emotion–cognitive control interaction in mild traumatic brain injury (mTBI). Threat-related stimuli were associated
with greater N2-P3 amplitude in response to NoGo trials in the mTBI group than were neutral stimuli. Central N2 enhancement in
response to emotional stimuli was observed both in the mTBI group and in controls, with a tendency toward greater effect in mTBI.
Grand average event-related potentials (ERPs) evoked by all NoGo trials are illustrated in the left, midline, and right frontal (F3, Fz, F4),
central (C3, Cz, C4), and parietal (P3, Pz, P4) electrodes that were used to obtain amplitude measurements for the three regions of
interest. Bottom plots from left to right illustrate 1) average N2-P3 peak-to-peak amplitudes across fronto-centro-parietal region, 2)
central N2 peak, and 3) parietal P3 peak amplitudes for mTBI and control groups in response to emotional (NEG) and emotionally
neutral (NEU) control stimuli in all NoGo trials. Error bars indicate standard error. *p< 0.05; **p< 0.001.
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bidirectional interactions. The dual competition framework sug-

gests that emotional content creates competition between executive

functions and the perceptional resources, resulting in either im-

paired or improved task performance.37 Emotional stimuli can ei-

ther enhance or impair task execution depending upon several

emotion-, task-, and subject-related factors.14,19,31,34,38 Therefore,

processing resources needed for performing executive functions

required by the task may be compromised by unexpected engage-

ment of executive functions by emotional stimuli. We have pre-

viously shown that in healthy subjects, threat-related stimuli lead to

compromised inhibitory executive control functions, as evidenced

by increased commission errors in a context of threat-related dis-

tractors.34 In the current study, although the overall performance of

the mTBI patients was comparable with that of the control group, it

may be that the task exhausted the executive processing resources

in the mTBI group, leaving fewer available resources for top-down

control of emotional stimuli, thus allowing for greater impact of

emotional stimuli on behavior and brain responses.

Attentional control relying on the prefrontal cortex and the cin-

gulum allows diminished attention allocation to emotional stimuli.39

Decreased functional connectivity in brain regions controlling the

emotion regulation; that is, between the rostral anterior cingulate

cortex (rACC) and the amygdala, has been reported in TBI.40 En-

hanced bottom-up influence of threat-related stimuli caused by de-

ficient top-down control, especially when control resources are

exhausted, might be one of the mechanisms of emotional symptoms

after mTBI. Evidence for high trait anxiety causing increased at-

tention allocation to negative or threat-related stimuli, and an in-

ability to actively recruit prefrontal control mechanisms to inhibit

this effect have been reported.41 Even though in this study, mTBI

patients did not significantly differ in depression scores from con-

trols, high depression rates, even without a previous history of de-

pression42 and regardless of the severity of the injury, seem to be a

notorious consequence of TBI.43 In our study, the mTBI group re-

ported having more emotional symptoms including irritability, de-

pression, lack of patience, and restlessness in the RPCSQ after the

injury than the control group. This difference in emotional symptom

scores was seen when all emotional symptoms, including those that

were not currently present, were counted in the score.

The N2-P3 complex of ERPs is thought to reflect response in-

hibition in a Go-NoGo task.44 We detected a greater N2-P3 am-

plitude in response to threat-related stimuli in a NoGo situation in

the mTBI group. It has been argued that in a NoGo emotional

situation, both automatic response inhibition and emotional pro-

cessing are occurring simultaneously, producing a larger amplitude

in P3.45,46 The larger N2-P3 amplitude in the mTBI group could,

therefore, reflect stronger attentional and executive resource allo-

cation to emotional signals.

N2-P3 amplitude has been linked with the amount of attention

allocation, as indexed with subsequent viewing time to novel stim-

uli.32 One of the benefits of N2-P3 peak-to-peak amplitude mea-

surement as an indexof processing resource allocation is that it allows

for subtracting the effect of slow ERP deflections caused by other

cognitive processes concurrent with N2 and P3 peaks. As indexed

with N2-P3 amplitude, we found evidence for greater processing

resources allocated by mTBI patients in the context of threat both in

Go and in NoGo trials. In Go trials, this emotional enhancement was

seen only when emotional stimuli were relevant to the task.

In a separate analysis of the N2 and P3 peaks, we found en-

hanced emotional modulation of both central N2 and parietal P3 in

response to Go signal in the mTBI Group. Parietal P3 amplitude has

been suggested to reflect increased attentional resources to moti-

vationally significant stimuli,25,27 whereas frontocentral N2 has

been linked to many different cognitive processes, with cognitive

control encompassing majority of them.26 Future studies, with

careful analysis of the different cognitive control processes po-

tentially temporarily overlapping with and contributing to the

emotional modulation of frontocentral N2, are needed for deeper

understanding of the mechanisms of the altered emotion–cognitive

control interaction in mTBI observed in this study. However, in the

framework of N2 reflecting the amount of top-down control needed

for the task performance, N2 enhancement caused by emotion

might reflect the additional top-down control needed in the face of

threat-related signals in general. Central N2 amplitude was also

augmented by emotion in NoGo trials, with a trend toward en-

hanced effect in the MTBI group. Although we found evidence for

enhanced attention allocation, we also found evidence for enhanced

allocation of control resources in response to threat in mTBI, as

indexed by emotional enhancement of both parietal P3 and central

N2 amplitudes. Greater allocation of control resources might be a

compensatory mechanism to overcome less efficient cognitive

control processes in mTBI.

In the light of the current results, mTBI patients allocated more

attentional and cognitive control resources to threat. In general, the

mTBI patients performed at comparable levels to controls, and even

better than controls when the emotional signal was relevant to the

task. However, there might be a cost to the excessive allocation of

attentional and control resources to threat. Excess allocation of at-

tentional resources to threat might contribute to the emotional

symptoms, and make mTBI patients more susceptible to depression.

Although the MTBI group reported more emotion related

symptoms in post-concussion questionnaire (RPCS), the groups did

not differ in depression measures, overall symptoms scores, or their

subjective report of everyday executive functioning as measured

with BRIEF. However, both the attention performance measures

and the brain’s evoked responses point toward enhanced emotional

reactivity in the mTBI group.

Conclusion

mTBI may be associated with enhanced allocation of attentional

and executive resources to threat-related stimuli. In addition to

behavioral evidence for enhanced attention allocation to threat-

related stimuli, increased brain responses to threat were observed in

mTBI. Enhanced attention capture by threat-related emotional

stimuli may reflect threat detection bias, and might contribute to

affective symptoms in MTBI. This study highlights the need for

further studies in emotion–attention interaction in MTBI. Further,

our study introduces a way to objectively assess emotional reac-

tivity as reflected in behavior and brain physiology in mTBI.
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Abstract

Injury to the orbitofrontal cortex (OFC) is a frequent consequence of head injury and may lead to dysfunctional regulation

of emotional and social behavior. Dysfunctional emotional behavior may partly be related to the role of the OFC in

emotion-attention interaction, as reported previously. In order to better understand its role in emotion-attention and

emotion-cognitive control interactions, we investigated attention allocation to task-relevant and task-irrelevant threat-

related emotional stimuli during a task requiring cognitive control in patients with lesion to the OFC. We measured the

behavioral performance and event-related potentials (ERP) of 13 patients with OFC lesion and 11 control subjects during a

Go/NoGo visual discrimination task. In the task, line drawings of threatening (spider) and neutral (flower) figures served

as either task-relevant Go or NoGo signals, or as task-irrelevant distractors. Overall performance did not differ between

the groups. In contrast to the control group performance, the orbitofrontal group performance was improved by relevant

threat signal in comparison with neutral signal. Further, task-relevant threat signals evoked larger frontocentral N2-P3

amplitude in the orbitofrontal group. Taken together, behavioral and electrophysiological results suggest that patients with

OFC injury allocated more attentional and cognitive control resources in the context of task-relevant emotional stimuli.

This study provides new evidence for the role of the OFC in emotion-attention and emotion-cognitive control interactions.

Further, the OFC seems to contribute to the balance between voluntary and involuntary attention networks in context of

emotional stimuli. Better understanding of alterations in emotion-attention interaction offers insight into affective dys-

function due to OFC lesion.

Keywords: behavioral assessments; cognitive function; EEG; human studies; traumatic brain injury

Introduction

The ventromedial part of the prefrontal cortex (PFC)—i.e.,

the orbitofrontal cortex (OFC)—is particularly susceptible to

damage from contrecoup head injury in which the injury occurs at

the opposite side of the initial impact.1 Other typical etiologies for

orbitofrontal damage include cerebrovascular accidents, tumors

(e.g., meningiomas), and their surgical removal.2 Despite subjec-

tive cognitive complaints, standardized neuropsychological tests

indicate that patients with focal orbitofrontal damage typically

remain cognitively intact.2–4 However, the injury impacts these

patients’ lives due to altered regulation of emotional and social

behavior.5

The discrepancy between intact test performance and real-life

problems presents not only a scientific challenge for understanding

the behavioral consequences of OFC damage, but also presents a

challenge to clinicians responsible for the treatment and rehabilita-

tion of these patients. Thus, finding more sensitive measures to ob-

jectively detect affective and cognitive brain dysfunction due to

orbitofrontal lesion would contribute to a deeper understanding of

the daily challenges encountered by patients with orbitofrontal lesion

and provide a basis for targeted treatment and rehabilitation efforts.

The impairments in emotional and social behaviors due to OFC

lesion highlight the importance of an intact orbitofrontal circuitry

in mediating emotionally adaptive and socially appropriate be-

haviors. Lesion to the OFC is often associated with a sequelae of

symptoms, including impulsivity, disinhibition, and socially inap-

propriate behavior as well as emotional changes such as aggression

and selfishness.6–8 Some of the core features of OFC function are

making decisions based on affective information, interpreting
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emotional cues, exerting self-control, and directing attention to

emotionally significant stimuli.9 Inhibitory control is a key aspect

of self-control. The OFC has been linked to response inhibition in

both functional magnetic resonance imaging (fMRI)10 and event-

related potential (ERP) studies.11 All of the above functions are

required for smooth social interactions.12–15 Further, a number of

studies point to a role of the OFC in emotional modulation of goal-

directed behavior.6,16

In goal-directed behavior, the most significant stimulus is selec-

tively attended to in order to create a purposeful action. To that end,

cognitive control of attention provides the basis for goal-directed

behavior by allocating limited neural resources to processing stimuli

relevant to the current goals.17 For adaptive behaviors, attention

needs to be divided between stimuli relevant to the current goals

and between those relevant for survival, reproduction, or social

life. Voluntary, top-down control mechanisms guide attention to

task-relevant stimuli and allow for filtering or suppressing the

impact of distracting stimuli, while involuntary bottom-up

mechanisms prioritize the access of salient or emotionally rele-

vant stimuli to attentional networks.18–20 Attentional control is

part of executive functions allowing for successful, flexible, and

appropriate behaviors.

In real-life situations, individuals often perceive stimuli with

affective value in the context of goal-directed behavior, either as

distractors or as relevant components for their goals. If the affective

value of the stimuli is high, perceptual, and/or automatic bottom-up

attention mechanisms intervene and capture attentional resources

devoted to the task. For example, threatening cues are attended to

faster and more efficiently than non-threatening cues because they

may have critical consequences if unnoticed.21–24When the general

affective value of the stimuli is low or uncertain, the value is

evaluated against the task’s goals, and executive control mecha-

nisms are used to select the appropriate actions.18–20 As part of this

response control mechanism, the OFC signals the affective value of

perceived stimuli, contributes to assigning attentional resources to

the appropriate stimuli, and ultimately guides the selection of ac-

tions to be taken—e.g., the suppression or filtering of distracting

information or the enhancement of important information.

In healthy subjects, negative emotional stimuli, even when irrel-

evant to the current goals, tend to capture attention.21–23 When task-

irrelevant emotional stimuli compete for attentional resources with

stimuli that are relevant to the task, interference of task performance

may be observed.21,22,25,26 While prioritizing task-irrelevant emo-

tional stimuli may be disruptive for task performance, it may be

adaptive for survival or social life. On the other hand, performance

may improve when emotional stimuli are task-relevant or when they

direct attention to task-relevant stimuli. Thus, cognitive performance

may be enhanced or impaired depending on multiple factors, in-

cluding timing and quality of the emotional stimuli, relevance to the

task, biological or social needs,27 engagement in the task,28,29

available resources,30 and subject-related factors.29,31

Attention allocation depends on the relevance of the stimuli: the

lateral PFC directs attention to stimuli that are relevant to the current

task or goal,32 and the OFC contributes to allocation of attentional

resources to stimuli that bear emotional relevance.9 The OFC may

not only contribute to the allocation of attentional resources to

emotionally relevant stimuli, but also to suppressing the automatic

allocation of these resources to emotion when it is not called for.

Evidence for this stems from reports of OFC lesion resulting in

failure in additional attentional allocation to emotional9 or novel

stimuli,33 as well as filtering out or adapting to aversive stimuli.34

Thus, it seems that the appropriate balance between voluntary and

involuntary attention allocation is disrupted in patients with OFC

lesion in the context of emotional stimuli.9 A shift toward voluntary

attention allocation to targets over involuntary attention allocation to

emotional distractors was observed in previous studies by Hartikai-

nen and colleagues.9,35

The role of the OFC in the cognitive control of attention within

the context of emotional or novel stimuli is still unclear because of

methodological differences in previous neurophysiological studies

investigating the impact of OFC lesion on attention. These differ-

ences include type of stimuli used and the modality of presentation

of the stimuli. For example, Hartikainen and colleagues9 used

complex visual emotional stimuli—i.e., International Affective

Picture System pictures with social or biological relevance, while

the study by Rule and colleagues34 used simple aversive somato-

sensory stimuli. The study by Lovstadt and colleagues33 used novel

auditory stimuli with potential biological relevance. Further, in the

study by Hartikainen and colleagues,9 patients were actively en-

gaged in an ongoing visual discrimination task, whereas in the Rule

and colleagues34 study, patients passively viewed a silenced film

while being presented with environmental sounds or aversive so-

matosensory stimuli. In both of these studies, patients with OFC

injury presented increased ERPs in response to aversive stimuli34 or

in response to targets.9 On the other hand, diminished ERPs to

novel sounds33 and task-irrelevant emotional stimuli9,35 have been

reported.

In the current study, we explored the role of the OFC in emotion-

attention interaction and the influence of task relevance on this

interaction. Given the utility of ERPs in investigating emotion-

attention interaction and their alterations due to head injuries,9,36–38

we used ERP measures as neurophysiological markers of attention

to better understand this interaction in patients with orbitofrontal

lesions.

A positive ERP waveform called P3, or more specifically P3b,

preceded by a negative deflection called N2 is evoked in attention

tasks by task-relevant stimuli. N2 and P3 components are likely to

reflect distinct cognitive processes, and the specific cognitive pro-

cesses involved depend on the task. A peak-to-peak measure allows

for subtracting the effect of potential slow fluctuations that might

contaminate single peak measurements. Therefore, using a peak-to-

peak amplitude allows for a more robust and sensitive ERP measure

that is especially useful when studying clinical populations.9,38 Sti-

muli that capture more attention have been previously linked with

greater N2-P3 peak-to-peak amplitude.39 Further, N2-P3 amplitude

has proven useful in reflecting alterations in emotion-attention

interaction due to neuromodulation.40 To that end, we used N2-P3

amplitude as a general measure of allocated attention.38,41

In order to assess the role of the OFC in emotion-executive

function interaction, we used an executive function task including

threat-related, biologically relevant negative emotional stimuli.

Threat-related and neutral control stimuli—i.e., line drawings of a

spider and a flower composed of the same elements42—were either

task-relevant or task-irrelevant depending on the task instructions.

The task was a modified version of the Executive Reaction Time

Test (Executive-RT test)—i.e., a Go/NoGo visual discrimination

task—that engages several executive functions simultaneously,

including response inhibition.

The Executive-RT test has been shown to be sensitive to subtle

alterations in executive functions43 as well as alterations in

emotion-attention interaction in clinical populations.44,45 As such,

we expected to be better able to objectively detect any potential

deficits in executive functions in patients with OFC lesion using the

Executive-RT test than with standardized neuropsychological tests
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that have typically failed to detect any cognitive impairment de-

spite patients’ subjective complaints.2 Specifically, if the OFC

plays a critical role in response inhibition, the OFC group should

commit more commission errors than the control group. Further-

more, we expected to be able to detect potential alterations in

emotion-executive function interaction in patients with OFC lesion.

In addition to objective performance measures, we also assessed

patients’ subjective view of their executive function capacity with

standardized questionnaires.

Given our previous research suggesting a bias toward attention

allocation to task-relevant stimuli in patients with OFC lesion,9

we studied whether task-relevance of emotional stimuli impacts

attention allocation in patients with OFC lesion. We hypothe-

sized that the balance between attention allocation to task-relevant

and task-irrelevant emotional stimuli is altered in patients with

OFC injury, favoring task-relevant emotional stimuli. We expected

this to be reflected in an enhanced N2-P3 amplitude, as well as

improved performance, in the context of task-relevant emotional

stimuli.

Methods

Subjects

Sixteen patients with orbitofrontal lesion participated in the
study. Three patients were later excluded because of unsatisfactory
ERP waveforms (see below for details). The final patient study
group consisted of 13 patients with orbitofrontal lesion (12 males,
one female, mean age 54.3 years, mean education 13 years). Of
these 13 patients, nine had OFC damage due to traumatic brain
injury (TBI), three patients as a result of operated meningioma, and
one patient because of aneurysmatic subarachnoidal hemorrhage.
Injury severity of the traumatically injured patients was categorized
as moderate TBI according to Finnish clinical diagnostic guidelines
of brain injuries.46

The control group consisted of 11 patients with previous ankle
injury, but no head injury (six males, five females, mean age 45.4
years, mean education 15.4 years). Control subjects were recruited
from the Tampere University Hospital emergency department be-
tween August 2010 and July 2012. The groups were matched in
terms of age and education level. The exclusion criteria for par-
ticipating in the study were previous neurological disorder or sig-

nificant history of substance abuse. The study was approved by the
ethical committee of Tampere University Hospital and participants
provided their written consent according to the Declaration of
Helsinki governing the use of human subjects.

The average time between the acquired orbitofrontal lesion and
the study visit was 34.1 months. Two patients only found out about
their OFC lesion when an magnetic resonance imaging (MRI) scan
performed for other medical reasons revealed the lesion. Thus,
these patients had a remarkably longer time since the injury com-
pared with the rest of the group. Demographic information of the
orbitofrontal group is displayed in Table 1.

Evaluation of the lesion site

An experienced neuroradiologist (AB) working in Tampere
University Hospital referred patients with orbitofrontal lesion to the
study. Based on initial radiological evaluation of the lesion site, the
authors examined the MRI or computed tomography (CT) scans
and patient charts, excluding patients based on exclusion criteria or
those with diffuse or multiple lesions or large lesions extending far
beyond the OFC. The lesions seen in the CT or MRI scans of the
patients were reconstructed, first separately for each patient and
then for the whole group, using MRIcron version 11.47 Lesion
volumes and their corresponding Brodmann areas were acquired
for the lesions and are listed in Table 1 and shown in Figure 1. The
accuracy of the lesion reconstructions was verified separately by
neurologist (KMH) and neuroradiologist (AB).

Questionnaires

All participants completed questionnaires and inventories for
demographic information, executive functions (BRIEF-A, Beha-
vior Rating Inventory of Executive Function–Adult version),48

depressive symptoms (Beck Depression Inventory, BDI),49 and
symptoms associated with TBI (Rivermead Post Concussion
Symptoms questionnaire, RPQ).50 BRIEF-A48 is a self-evaluative
questionnaire composed of 75 questions addressing different do-
mains of executive functions. It contains nine different clinical
scales of executive functions (Inhibit, Shift, Emotional Control,
Self-Monitor, Initiate, Working Memory, Plan/Organize, Task
Monitor, and Organization of Materials) and two composite scores
(Metacognition Index, MI, and Behavior Regulatory Index, BRI)
along with a total score (Global Executive Composite, GEC) that is
used as a general index of executive dysfunction. A high score

Table 1. Lesion Characteristics of the Orbitofrontal Lesion Group

Patient
number

Etiology
of the injury

Time from
injury (months)

Lesion size
(cubic centimeters)

Side of
lesion Brodmann areas affected

P1 TBI 14 2.43 Both 11, 20, 36, 38
P2 TBI 12 2.94 Right 10, 11
P3 TBI 156 1.36 Right 10, 11
P4 SAH 96 11.58 Right 10, 11, 25, 32
P5 OM 15 34.25 Both 9, 10, 11, 24, 25, 32, 45, 46, 47, 48
P6 OM 16 49.29 Both 9, 10, 11, 25, 32, 45, 46, 47, 48
P7 OM 37 4.34 Left 10, 11
P8 TBI 12 1.57 Right 10, 11
P9 TBI 49 39.08 Both 10, 11, 25, 32, 38, 46, 47, 48
P10 TBI 6 19.13 Both 10, 11, 20, 21, 25, 34, 36, 38, 46, 47, 48
P11 TBI 9 2.99 Left 11,25, 48
P12 TBI 11 10.65 Both 10, 11, 20, 25, 28, 34, 38, 46, 47, 48
P13 TBI 10 3.62 Both 10, 11, 20, 38
Mean 34.1 14.1

TBI, traumatic brain injury; SAH, subarachnoid hemorrhage; OM, operated meningioma.
All the brodmann areas that the lesions extend to are listed. Seventy-five percent of the lesion volumes were within Brodmann areas 10, 11, and 47,

which are considered to be the most relevant regarding the orbitofrontal cortex.
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reflects more challenges in executive functions. The BRIEF-A has
been shown to be useful in detecting executive dysfunction in pa-
tients with TBI.51

Modified Executive Reaction Time test

To assess the role of OFC in emotion, attention, and executive
function interaction, we used a modified version of the Executive
Reaction Time test.44 The test has previously been shown to be
sensitive in detecting enhanced attention allocation to threat in
patients with mild traumatic brain injury (mTBI).38 The original
version of the test has been used to uncover mild executive dys-
function in symptomatic patients with mTBI44 and alterations in
emotion-attention interaction due to deep brain stimulation in pa-
tients with epilepsy.45

The Executive RT test is a Go/NoGo visual discrimination
paradigm engaging several executive functions, including response
inhibition, rule shifting, emotional control, and working memory.

For assessment of emotion-attention interaction, the test contained
emotional threat-related stimuli and neutral non-threatening con-
trol stimuli composed of exactly the same black line elements but
arranged into either a configuration of a spider or a flower, re-
spectively. Depending on the instructions of the task, these stimuli
were either task-irrelevant distractors or task-relevant Go or NoGo
signals. A spider is considered to be a biologically relevant threat-
related stimulus with prioritized access to attentional resources and
has been used as a threat stimulus in previous studies.42 This task
allowed for examining the effect of emotional stimuli when they
serve as task-irrelevant distractors, thus capturing involuntary at-
tention and demanding extra processing resources away from task-
relevant items.52 It also enabled us to investigate their effect when
they are an essential part of performing the task—i.e., when they
may direct more attentional resources toward completing the task
and even facilitate task completion.53 The experimental task is
illustrated in Figure 2.

The participants were seated in front of a computer screen at a
distance of one meter. The participants had to use their working
memory to keep the current rule and the orientation of the triangle
in mind and be able to switch between response rules and withhold
from responding in case of a NoGo trial. The participants were
asked to remain relaxed and respond as accurately and as quickly as
possible. A total of 16 blocks were performed, four blocks each for
each answering rule. Each block consisted of 64 trials, resulting in
1024 trials per participant. The rule for answering changed after
every block, and four different block orders were used.

Half of the participants started the task with their right hand and
half with their left hand, with the hand of responding changed in the
middle of the task. The responding hands were counterbalanced to
avoid lateralized motor-related potentials. Presentation software
(Neurobehavioral Systems, Inc.) was used to both create and dis-
play the paradigm and to collect the behavioral data.

Electroencephalogram (EEG) recording
and processing

A 64-channel actiCAP Ag/AgCl electrode system (Gilching,
Germany), QuickAmp amplifier, and Brain Vision Recorder soft-
ware (Brain Products, GmbH) were used to record EEGs. The
impedance of the electrodes was kept below 5kO, and a sampling
rate of 512 kHz was used to digitize the EEG. The EEG processing
and ERP analysis was performed using Brain Vision Analyzer 2
software (Brain Products, GmbH). The EEG data were first refer-
enced to the mastoid electrodes (Tp9 and Tp10) off-line and sub-
sequently band-pass filtered to 0.5–30Hz (24dB/octave).

A semi-automatic independent component analysis based algo-
rithm was used to remove blink artifacts. The ERPs were created
using a time window of 200msec pre-stimulus (triangle) to
1800msec post-stimulus. ERPs with amplitudes exceeding –100
microvolts were considered outliers and rejected from analysis and
the remaining ERPs baseline corrected using an interval from
200msec pre-stimulus to stimulus as a baseline.

ERP analysis

The ERPs were averaged according to valence of the emotional
stimuli (threat or neutral), relevance of the emotional stimuli for the
task (relevant or irrelevant), and the response signal (Go or NoGo).
N2 and P3 peaks were identified upon visual inspection of the grand
average waveforms. The time windows are expressed from the
onset of the trial—i.e., from the onset of the triangle presentation.
The Go/NoGo-signal was at 300msec from the trial onset.

N2 and P3 amplitudes were identified as the minimum and
maximum values, respectively, in a time window of 550–650msec
for the N2 peak and from 650–800msec for the P3 peak. Statistical
analysis was performed using left, medial, and right frontal chan-
nels (F3, Fz, and F4, respectively) and left, medial, and right central

FIG. 1. Orbitofrontal lesion reconstructions. Lesions are pre-
sented for individual patients (P1-P13) and as a group overlay
(bottom line). Eleven different horizontal sections are included for
all the patients as shown on the sagittal pictures on the right. The
colors in the group overlay indicate the number of patients having
a lesion on that area, with yellow color signaling the largest
number of lesions and dark red the least.
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channels (C3, Cz, and C4, resp). N2-P3 peak-to-peak amplitude
was obtained by subtracting the N2 amplitude from P3 amplitude
and subjected to a series of repeated measures of analysis of vari-
ance (ANOVA) with Group (orbitofrontal lesion, control) as the
between-subject factor and Emotional Valence (threat, neutral),
Emotion Relevance (relevant, irrelevant), Region (frontal, central),
and Laterality (left, medial, right) as within-subjects factors. Where
appropriate, the data were corrected for sphericity. Post-hoc t tests
were performed after significant effects using a threshold level of
p < 0.05 (corrected for multiple comparisons with the Bonferroni
method). Computation was performed in MATLAB 12 (Math
Works Inc., Natick, MA) and IBM SPSS Statistics 22 (SPSS Inc.,
Chicago, IL).

Three patients were excluded from the analysis due to unsatis-
factory ERP waveforms. The data from two of these patients were
excluded because their ERPs were contaminated by alpha-waves,
and the other patient’s data was excluded because of too many eye
blink artifacts.

Behavioral analysis

Reaction times (RTs) were analyzed using repeated measures
ANOVA where Emotional Valence (threat, neutral) and Emotion
Relevance (relevant, irrelevant) were used as within-subject factors
and Group (OFC, control) as a between-subject factor. Emotion
Relevance indicated whether the figure of the line drawing (spider
or flower) was task-relevant—i.e. served as a Go or a NoGo signal,
or as a task-irrelevant distractor.

The errors were analyzed using generalized binary logistic re-
gression. If accuracy information is transformed as a percentage
value, it results in a distribution that is strongly skewed (without
good transformation), and thus ANOVA cannot be used.54,55 Group
(OFC, control), Emotional Valence (threat, neutral), and Emotion
Relevance (relevant, irrelevant) were used as fixed effect predictors
and Subject as a random effect predictor. The model implied a
hierarchical relationship between Group and Subject, where subject
was a member of the OFC group or the control group.

Behavioral data pre-processing

Before modeling, the error data were checked for potential
outlier blocks or blocks with a wrong rule. A block was an outlier
block if the total error rate in the block was more than three standard
deviations above the participant’s mean error rate. A ‘‘block with
wrong rule’’ was identified as a block where the participant ap-
parently responded using the wrong rule. Specifically, a block was
considered ‘‘a block with wrong rule’’ if the combined rate of
missing responses and commission errors was higher than 75% of
all the trials in the block. In total, one block was removed as ‘‘block
with wrong rule’’ and four blocks were removed as outlier blocks,
each from different subjects.

The response errors were dichotomized before performing bi-
nary logistic regression analysis. Total errors were dichotomized
either as an ‘‘error’’ or ‘‘correct,’’ incorrect response as ‘‘incorrect’’
or ‘‘other’’ (i.e., ‘‘correct’’ or ‘‘miss’’), missing response as ‘‘miss’’
or ‘‘other’’ (i.e., ‘‘correct’’ or ‘‘incorrect’’), and commission error
as ‘‘commission error’’ or ‘‘correct.’’ A separate model was created

FIG. 2. Illustration of the modified Executive Reaction Time
Test.44 An upright or an inverted triangle was presented in the
middle of the screen for 150msec, followed by a fixation dot for
150msec. After that, a Go or a NoGo-signal, a colored circle (red
or green, corresponding to different tones of gray in the figure)
with an emotional figure (spider or flower) inside, was presented
on the screen for 150msec. The orientation of the triangle and
presentation of Go- and NoGo-signals were randomized. The
subject was supposed to keep the orientation of the previously
presented triangle in working memory and respond as fast as
possible in case of a Go-signal with the middle finger if the pre-
viously presented triangle was upright and with the index finger if
it was inverted. In case of a NoGo-signal, the subject was sup-
posed to withhold from responding. The emotional figure served
either as a Go- or a NoGo-signal in Emotion Relevant condition or
as a distractor in Emotion Irrelevant condition. In both conditions,
the stimuli presented were identical and only the Relevance of the
emotional stimuli changed—i.e., whether the subject had to pay
attention to the emotional figure or not in order to perform the task.
There were four different response rules: Green Go–Red NoGo;
Red Go–Green NoGo, Spider Go–Flower NoGo, and Flower Go–
Spider NoGo. In Green Go–Red NoGo, the subject responded after
seeing the green color and was not allowed to respond after the red
color and vice versa in Red Go. When color served as a Go or
NoGo signal, the emotional figures were irrelevant for responding
(Emotion Irrelevant). In Spider Go–Flower NoGo, the response was
required after seeing the spider and response was not allowed after
the flower and vice versa in Flower Go. Here the colors were
irrelevant for answering and the emotional figures relevant—i.e.,
the Emotion Relevant condition. The proportion of the different
response rules was equal: 50% of the blocks were Emotion Irre-
levant blocks (25% Green Go blocks and 25% Red Go blocks) and
50% of the blocks were Emotion Relevant blocks (25% each for
Spider and Flower Go blocks, respectively).

Table 2. N2-P3 Amplitudes in Go Trials when Emotional

Stimuli Were Relevant for Responding

Threat (lV) Neutral (lV) T p

OFC
F3 5.6 – 1.8 4.9 – 1.3 1.15 0.27
Fz 5.9 – 2.6 5.2 – 1.9 1.26 0.23
F4 5.7 – 2.5 5.0 – 1.9 1.37 0.19
C3 6.0 – 2.1 5.1 – 1.6 2.10 0.056
Cz 7.4 – 3.5 6.3 – 2.6 2.56 0.024
C4 6.5 – 2.6 5.1 – 2.2 3.25 0.006*

Controls
F3 3.8 – 0.8 3.5 – 1.5 0.82 0.43
Fz 4.6 – 1.0 4.0 – 1.3 1.52 0.15
F4 5.4 – 2.8 4.9 – 2.1 1.07 0.30
C3 3.7 – 1.6 3.6 – 2.2 0.30 0.76
Cz 4.3 – 2.3 4.5 – 2.8 -0.39 0.70
C4 4.4 – 2.1 4.5 – 2.8 -0.27 0.78

*Significant after correction for multiple comparisons.
Threat, spider; Neutral, flower; OFC, orbitofrontal cortex.
Post hoc t-test results are shown in the table (after interaction effect

Emotional Valence·Group·Region·Laterality).
The N2-P3 amplitude was calculated by subtracting N2 peak amplitude

from P3 peak amplitude. F3, Fz, and F4: left, medial, and right frontal
channels; C3, Cz, and C4: left, medial, and right central channels.

404 MÄKI-MARTTUNEN ET AL.



for each error category predicting the participant’s probability to
make a corresponding error.

In case of interactions, the data were stratified and analysis
performed with subgroups. All behavioral data analysis was per-
formed with R v.3.2.256 using ‘‘lme4’’ package v1.1-957 for re-
gression modeling.

Questionnaire analysis

The questionnaire data were analyzed using SPSS IBM Statistic
20 (SPSS Inc., Chicago, IL). The average scores for each ques-
tionnaire and each category were calculated and the normality of
the variables tested using Kolmogorov-Smirnov and Shapiro-Wilk
tests. As most of the variables were not distributed normally and the
sample size was fewer than 20 participants per group, the Mann-
WhitneyU test was used to compare the average scores between the
groups. Prior to analyzing the BRIEF-A results, the raw scores were
transformed to normative T scores, which enabled comparison with
a standardized coeval sample.38 From BDI-II, we analyzed a subset
of questions focusing on depressive symptoms not overlapping
with symptoms of brain injury as proposed by Wäljas and collea-
gues.58 The questions included were numbers 1, 2, 3, 4, 5, 6, 8, 9,
10, and 12 from the original version of the BDI-II.

Results

ERPs

We first analyzed the evoked N2-P3 peak-to-peak amplitude in

the Go-condition. Threat stimuli (spider) evoked greater N2-P3

amplitude than neutral stimuli (flower)—main effect of Emotional

Valence: F(1,22)= 10.32, p = 0.004. No other statistically signifi-

cant main effects were found.

A significant interaction between all factors was explored

further by separately assessing the Go Emotion Relevant and

Go Emotion Irrelevant conditions—Interaction effect in Go-

condition: Emotional Valence ·Emotion Relevance ·Group ·
Region ·Laterality, F(1,22) = 4.00, p = 0.034. When the emo-

tional figure served as the task-relevant Go-signal, N2-P3 am-

plitude was greater in the central and right compared with the left

regions—main effect of laterality: F(2,22) = 5.73; p = 0.008; post
hoc t test left vs. central: p= 0.008; left vs. right did not reach

significance ( p= 0.074). Task-relevant threat stimuli evoked greater

N2-P3 amplitude compared with neutral stimuli in patients with

orbitofrontal injury, particularly in the right centromedial region, but

not in the control group—interaction effect in Go Emotion Relevant

FIG. 3. Go trials. (A) Grand average ERPs for Emotion Relevant condition illustrated for each group. The threat-related emotional
stimuli (spider, [THREAT]) or emotionally neutral stimuli (flower [NEUTRAL]) served as GO signals. Greater N2-P3 in context of
task-relevant threat was observed in patients with OFC lesion compared with controls over the right central region, C4 electrode. (B)
Grand average ERPs for Emotion Irrelevant condition. The spider (THREAT) or flower (NEUTRAL) served as distractors. There were
no differences across groups due to task-irrelevant threat. lV: microvolts. Time in milliseconds (msec). Vertical line represents onset of
the Go/NoGo cue. Channels marked with * have significant N2-P3 differences between threat and neutral in patients with OFC lesion
after correction for multiple comparisons (see Table 2).
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condition: Emotional Valence·Group·Region·Laterality:
F(1,22)= 3.88, p= 0.030; see post hoc tests in Table 2; Fig. 3.

NoGo-trials evoked greater N2-P3 amplitude in the context of

threat stimuli—main effect of Emotional Valence: F(1,22) = 15.37,
p = 0.001. In addition, in the Emotion Relevant condition, a larger

N2-P3—Main effect of Relevance: F(1,22) = 23.25, p= 0.001—
was seen. The N2-P3 amplitude was larger in the central region

compared with the left and right hemispheres—main effect of

Laterality: F(1,22) = 8.29, p = 0.002; post hoc t test left vs. central:
p < 0.001, right vs. central: p= 0.028. Further, there was a signifi-

cant interaction effect between Emotional Valence ·Emotion Re-

levance ·Group ·Region ( p= 0.004). When emotional stimuli

were task-relevant, the N2-P3 amplitude was enhanced in the or-

bitofrontal lesion group in threat compared with neutral stimulus,

particularly in the central region—see Figure 4; interaction effect in

NoGo Emotion Relevant condition: Emotional Valence ·Group ·
Region: F(1,22) = 7.94, p= 0.010; see post hoc tests in Table 3.

When emotional stimuli were task-irrelevant, the N2-P3 amplitude

of the orbitofrontal lesion group did not differ from that of the

control group across emotional valence.

Behavior

Repeated measures ANOVA for reaction times revealed a statis-

tically significant main effect for Emotion Relevance (F[1, 22]= 43.1,
p< 0.001). Participants were slower to respond when the emotional

stimuli (spider or flower) served as a Go-signal (Emotion Relevant)

compared with when it served as a distractor (Emotion Irrelevant),

RT= 567– 96msec and RT= 494– 100msec, respectively.

Binary logistic regression resulted in a main effect of Emotion

Relevance for total errors (odds ratio [OR] = 1.33) and commission

errors (OR = 1.91) and a main effect of Emotional Valence for

incorrect responses (OR = 1.35). In the Emotion Relevant condi-

tion, the participant’s probability to make an error (of any type) was

33% higher compared with the Emotion Irrelevant condition. Si-

milarly, in the Emotion Relevant condition, a participant’s proba-

bility to make a commission error was 91% higher compared with

the Emotion Irrelevant condition.

In addition, there was an interaction effect between Group and

Emotion Relevance for all error types: total errors, incorrect re-

sponses, missing responses, and commission errors. When the data

FIG. 4. NoGo trials. (A) Grand average ERPs for Emotion Relevant condition. The threat-related emotional stimuli (spider
[THREAT]) or emotionally neutral stimuli (flower [NEUTRAL]) served as a NoGo-signal. Greater N2-P3 in the central region was
observed in patients with OFC lesion when threat served as the NoGo cue. (B) Grand average ERPs for Emotion Irrelevant condition.
The spider (THREAT) or flower (NEUTRAL) served as distractors. There were no group differences due to task-irrelevant threat in
the NoGo situation. lV: microvolts. Time in msec. Vertical line represents onset of Go/NoGo cue. Channels marked with * have
significant N2-P3 differences between threat and neutral in patients with OFC lesion after correction for multiple comparisons (see
Table 3).
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were stratified per group and groups analyzed separately, both

groups resulted in significant main effect of Emotion Relevance for

all error types: total errors OFC group, OR=1.40 (3.4% vs. 4.6%),

control group, OR=3.43 (1.5% vs. 5.0%); incorrect responses OFC

group: OR=1.37 (2.2% vs. 2.9%), control group: OR=3.04 (1.0% vs.

3.0%); missing responses OFC: OR=1.39 (0.6% vs. 0.8%), control

group: OR=3.52 (0.2% vs. 0.8%); commission errors OFC:

OR=1.54 (0.6%vs. 0.9%), control group:OR=5.11 (0.3%vs. 1.2%).

Both groups made more errors when emotion was relevant compared

with emotion being irrelevant. The difference in error rates between

Emotion Relevant and Irrelevant conditions was always smaller for

the OFC group than for control group (Fig. 5).

Our a priori hypothesis was that the OFC group and the control

group differ in how they process emotions, and electrophysiolog-

ical results showed that task-relevant threat stimuli evoked greater

N2-P3 amplitude compared with task-relevant neutral stimuli

in patients with orbitofrontal lesion, but not in the control

group. Therefore, we analyzed how emotional valence affected

errors when emotion was Relevant vs. Irrelevant.

In the Emotion Relevant condition, when the threatening figure

(spider) served as a NoGo-signal, the control group was 76% more

probable to make a commission error in comparison with the

neutral figure (flower) serving as a NoGo signal (Fig. 6, OR= 1.76,
0.9% vs. 1.5%). Unlike in controls, the emotional valence of the

figure had no effect on the probability to make commission errors in

patients with an orbitofrontal lesion. Also, patients with orbito-

frontal lesion had a 38% reduced probability to miss responding

when threat (spider) served as a Go-signal (Fig. 6, OR = 0.62, 1.0%
vs. 0.6%). In the control group, the emotional valence had no effect

on the number of missed responses in the Emotion Relevant con-

dition. The valence of the emotional stimuli in the Emotion Re-

levant condition did not have any effect on the probability of

incorrect responses or total errors in either group.

In the Emotion Irrelevant condition, the OFC group made more

commission errors compared with the control group (Fig. 6, main

effect of Group, OR = 0.31, 0.6% vs. 0.3%). In addition, in the

Emotion Irrelevant condition, both groups had fewer missed re-

sponses when the emotional distractor was threatening (Fig. 6,

main effect of Emotional Valence, OR= 0.63, 0.6% vs. 0.4%).

Threatening distractors also increased the number of incorrect re-

sponses (OR = 1.37, 1.7% vs. 2.0%). The valence of the emotional

distractor did not have any effect on total errors.

Complete binary logistic regression results are given in Table 4.

Questionnaires

A significant difference between the groups was found in three

clinical scales of the BRIEF-A, with the orbitofrontal group scoring

higher in all of these:GlobalExecutiveComposite (reflecting the total

score gained from all nine clinical scales listed), Initiate, andWorking

Memory scores. Shift andMetacognition Index categories were close

to reaching significancewith the orbitofrontal group scoring higher in

these as well. In the RPQ, the orbitofrontal group reported signifi-

cantly more cognitive and sleep symptoms compared with the

controls and had previously suffered more from post-concussion

Table 3. N2-P3 Amplitudes in NoGo Trials When

Emotional Stimuli Were Relevant for Responding

Region Threat (lV) Neutral (lV) T p

OFC
Frontal 10.0 – 4.3 9.1 – 3.5 1.66 0.12
Central 9.4 – 4.3 8.1 – 3.2 2.57 0.024*

Controls
Frontal 9.0 – 4.8 8.0 – 3.9 1.38 0.19
Central 8.0 – 4.1 7.5 – 3.2 0.70 0.49

*Significant after correction for multiple comparisons.
Threat, spider; Neutral, flower; OFC, orbitofrontal cortex.
Post hoc t-test results are presented in the table (after interaction effect

Emotional Valence·Group·Region).
The N2-P3 amplitude was calculated by subtracting N2 peak amplitude

from P3 peak amplitude.

FIG. 5. Error rate in Emotion Relevant and Emotion Irrelevant conditions for OFC and control groups. More errors were made in
Emotion Relevant compared with Irrelevant for all error types in both groups. Smaller differences between Relevant and Irrelevant
conditions, and more commission errors in Emotion Irrelevant condition were seen in the OFC group, compared with the control
group. Error bar indicates standard error.
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symptoms, but the score for overall post-concussion symptoms at the

time of testing did not differ between the groups.

In the modified-BDI, which excludes symptoms overlapping

with the RPQ,60 the difference between the two groups was close to

reaching significance. In the BDI, no statistically significant dif-

ferences between the groups were found. Questionnaire results are

presented in Table 5.

Discussion

This study provides novel evidence for altered emotion-attention

and emotion-executive function interaction in patients with OFC

lesion. Both electrophysiological and behavioral results suggest

that patients with orbitofrontal lesion allocated more attentional

resources in the context of task-relevant emotional stimuli. The N2-

P3 amplitude was larger in the context of threat-related Go and

NoGo cues in comparison with non-threatening cues in patients

with orbitofrontal lesion. In addition, these patients made relatively

fewer errors when threat (i.e., spider) was relevant compared with

controls. Thus, unlike controls where task-relevant emotional stimuli

impaired performance, task-relevant threat stimuli facilitated per-

formance of patients with orbitofrontal lesion. In conclusion, patients

with orbitofrontal lesion allocated a greater amount of attentional

resources toward task performance when presented with a task-

relevant emotional stimulus.

Alternatively, one could speculate that patients with OFC lesion

allocated more cognitive control resources to the task within the

context of task-relevant emotional stimuli. The N2 potential

is thought to reflect response inhibition and cognitive control, es-

pecially in a Go/NoGo task59 like the one used in this study. The

enhanced N2-P3 amplitude observed in the context of task-relevant

threat in the group with orbitofrontal lesion could also be interpreted

as an increased need to cognitively control processing of, and re-

sponses to, the threatening cues. The OFC is considered an important

area in inhibiting responses10,11 and evaluating and linking emo-

tional contexts to current goals.16 Thus, it is possible that injury to the

OFC impairs the ability to control reactions to attended emotional

items and increases the need to direct more resources to both in-

hibiting responses to threat and also responding to it.

Similar to attentional resource competition, competition for

executive resources occurs when emotional stimuli engage the

same executive resources required for task performance53 or when

the task and the emotional stimuli create a response conflict, both

leading to interference in executive performance.60 We have pre-

viously shown in healthy subjects that threat-related emotional

stimuli interfere with executive functions, specifically with re-

sponse inhibition.26 In the current study, the control group made

significantly more errors when threat served as the NoGo signal

compared with the neutral cue as the NoGo signal. As in our pre-

vious study,26 threat interfered with our healthy subjects’ ability to

inhibit responding, whereas in the orbitofrontal lesion group, threat

as the NoGo-signal had no effect on response inhibition and threat

as a Go-signal decreased the probability to miss responding. Task-

relevant emotional stimuli tend to facilitate performance, and this

effect was seen in the orbitofrontal lesion group, whereas impaired

performance was observed in healthy subjects. On the other hand,

the orbitofrontal lesion group made more commission errors than

the control group in the Emotion Irrelevant condition, independent

of emotional valence. We speculate that by recruiting more cog-

nitive control to compensate for the injured OFC, as evidenced by

larger ERPs, patients could perform equally to or better than the

control group in threat-relevant situations, thus benefiting from the

task-relevant threat signal.

Overall, both groups performed at equivalent levels regarding

reaction times, with no statistically significant differences between

the two groups. In the Emotion Relevant condition—i.e., when the

spider or the flower was a Go/NoGo signal—both groups were

slower and committed more errors than in the Emotion Irrelevant

condition—i.e., when color was the Go/NoGo signal. This is prob-

ably partly due to the fact that distinguishing the spider stimulus from

the flower stimulus is a somewhat harder discrimination task than

distinguishing the color red from the color green. However, the

stimuli used and the nature of the task, and thus the level of cognitive

control required for the task, remained unchanged throughout the

FIG. 6. Impact of Emotional Valence on error rates in Emotion
Relevant and Emotion Irrelevant conditions. Emotion Relevant:
fewer missing responses were made to threat than to neutral Go-
signals in the OFC group;more commission errors due to threatening
Go/NoGo signals were seen in the control group but not in the OFC
group. Emotion Irrelevant:more commission errorsweremade in the
OFC group than in the control group; fewer missed responses due to
threatening distractors were observed in both groups. Error bar in-
dicates standard error.
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Table 4. Results of Binary Logistic Regression

Total errors Incorrect responses Missing responses Commission errors
OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)

A. Binary logistic regression results
(Intercept) 0.02 (0.01–0.04) 38.02 (19.32–74.80) 0.00 (0.00–0.01) 0.01 (0.00–0.01)
Control 0.50 (0.20–1.27) 2.20 (0.76–6.34) 0.56 (0.14–2.30) 0.41 (0.12–1.47)
Emotion relevant 1.33 (1.11–1.59)* 0.84 (0.67–1.05) 1.37 (0.86–2.20) 1.92 (1.27–2.89)*
Neutral 0.95 (0.78–1.15) 1.35 (1.05–1.73)* 1.59 (1.00–2.51) 1.29 (0.83–2.01)
Control·Emotion relevant 2.95 (1.98–4.38)* 0.37 (0.23–0.61)* 3.79 (1.33–10.78)* 3.00 (1.28–7.06)*
Control·Neutral 1.16 (0.73–1.86) 0.66 (0.37–1.19) 1.01 (0.31–3.29) 0.58 (0.19–1.80)
Emotion relevant ·Neutral 1.11 (0.86–1.43) 0.74 (0.54–1.03) 1.02 (0.56–1.86) 0.65 (0.37–1.15)
Control·Emotion

relevant ·Neutral
0.69 (0.39–1.20) 1.48 (0.74–2.97) 0.47 (0.12–1.83) 1.15 (0.32–4.18)

Total errors,
OFC

Total errors,
Control

Incorrect responses,
OFC

Incorrect responses,
Control

OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)

Emotion relevance per Group
(Intercept) 0.02 (0.01–0.04) 0.01 (0.01–0.02) 0.02 (0.01–0.05) 0.01 (0.01–0.03)
Emotion relevant 1.40 (1.23–1.59)* 3.43 (2.68–4.39)* 1.37 (1.16–1.61)* 3.04 (2.24–4.14)*

Missing responses,
OFC

Missing responses,
Control

Commission errors,
OFC

Commission errors,
Control

OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)

(Intercept) 0.00 (0.00–0.01) 0.00 (0.00–0.01) 0.01 (0.00–0.01) 0.00 (0.00–0.01)
Emotion relevant 1.39 (1.03–1.86)* 3.52 (1.93–6.45)* 1.54 (1.16–2.04)* 5.11 (2.88–9.04)*

Total errors Incorrect responses Missing responses Commission errors
OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)

B. Binary logistic regression results, emotion relevant
(Intercept) 0.03 (0.02–0.05) 34.07 (16.05–72.36) 0.01 (0.00–0.02) 0.01 (0.00–0.02)
Control 1.18 (0.47–2.96) 0.78 (0.25–2.38) 0.87 (0.22–3.51) 0.67 (0.16–2.75)
Emotional 0.95 (0.81–1.13) 1.00 (0.80–1.23) 0.62 (0.42–0.91)* 1.19 (0.83–1.70)
Control·Emotional 1.25 (0.93–1.68) 1.02 (0.69–1.49) 2.12 (1.06–4.24)* 1.53 (0.82–2.83)

Total errors,
OFC

Total errors,
Control

Incorrect responses,
OFC

Incorrect responses,
Control

Emotion valence per Group
(Intercept) 0.03 (0.01–0.05) 0.03 (0.01–0.05) 71.59 (32.29–158.75) 53.09 (25.64–109.93)
Emotional 0.95 (0.81–1.13) 0.95 (0.81–1.13) 0.99 (0.81–1.22) 1.01 (0.74–1.38)

Missing responses,
OFC

Missing responses,
Control

Commission errors,
OFC

Commission errors,
Control

OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)

(Intercept) 0.00 (0.00–0.01) 0.01 (0.00–0.01) 0.00 (0.00–0.01) 0.00 (0.00–0.01)
Emotional 0.66 (0.43–1.00)* 1.00 (0.62–1.62) 1.18 (0.83–1.68) 1.76 (1.08–2.89)*

Total errors Incorrect responses Missing responses Commission errors
OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)

C. Binary logistic regression results, emotion irrelevant
(Intercept) 0.02 (0.01–0.03) 0.02 (0.01–0.04) 0.01 (0.00–0.02) 0.01 (0.01–0.02)
Control 0.52 (0.19–1.43) 0.66 (0.21–2.09) 0.39 (0.08–1.81) 0.31 (0.10–0.91)*
Emotional 1.06 (0.87–1.28) 1.36 (1.06–1.75)* 0.63 (0.40–1.00)* 0.77 (0.50–1.21)
Control·Emotional 0.86 (0.54–1.37) 0.66 (0.37–1.17) 0.99 (0.29–3.33) 1.73 (0.55–5.46)

OR, odds ratio; CI, confidence interval; OFC, orbitofrontal cortex.
Odds ratios for the different errors types. Statistically significant OR are indicated with an asterisk (*).

ATTENTION TO TASK-RELEVANT THREAT AFTER OFC LESION 409



experiment. Only attention to emotion was manipulated by task

instructions between conditions—i.e., whether emotional stimuli

were relevant and needed to be attended to or irrelevant (could be

ignored).

While both groups performed worse in the Emotion Relevant

condition, relevant threat—i.e., spider as a Go or NoGo signal—

had the opposite effect on performance in the control group and the

OFC group. Performance of the control group was clearly impaired

by the task-relevant threat in contrast to no impairment and even

improvement of performance in the OFC group. In contrast to the

Emotion Relevant condition, in the Emotion Irrelevant condition the

OFC group made more commission errors than the control group

independent of the valence of the emotional distractor. We speculate

that the OFC group allocated less cognitive control resources during

the Emotion Irrelevant condition resulting in impaired performance

during response inhibition. The amount of cognitive control allocated,

however, was not influenced by valence of the emotional distractors.

In our previous study, patients with mTBI allocated a greater

amount of attention to both task-relevant and task-irrelevant threat,

and threat-related distractors impaired their ability to inhibit re-

sponses.38 This is in contrast to the current findings in the OFC

group, where only task-relevant threat was associated with greater

attention allocation. It is possible that patients with OFC lesion

exerted greater cognitive control during task-relevant threat as

opposed to task-irrelevant threat. Greater cognitive control may

account for similar or better performance levels of the OFC group

to that of the control group. However, over-allocation of neural

processing resources may contribute to fatigue and other subjective

symptoms reported by these patients.

The threat-related emotional stimuli (line-drawings of spiders)

used in the current study, evenwhen irrelevant to the task, have been

previously shown to effectively capture attention both in healthy

subjects26 and in clinical populations.38,42 Alterations in emotion-

attention interaction resulting in greater allocation of attention to

threat has also been reported in patients treated with deep brain

stimulation of the anterior nucleus of the thalamus due to refractory

epilepsy45 and in patients with mTBI.38 Both of these clinical

populations are associated with vulnerability to depression,61,62

similar to patients with orbitofrontal lesion who often suffer from

emotional symptoms. An imbalance between frontal top-down

control and bottom-up mechanisms may contribute to enhanced

attention to threat. Intact top-down frontal control mechanisms al-

low for suppressing undue emotional reactivity, while bottom-up

mechanisms allow for orienting to and processing emotionally

relevant stimuli—even when interfering with the current task.63

Cognitive control allows neural resources to be allocated to

task-relevant stimuli. Involuntary attention mechanisms allow for

adaptive allocation of resources to stimuli that are relevant to the

well-being of the subject, such as emotionally relevant threat-related

stimuli.18–20 The OFC flexibly assigns emotional value, relevance,

and incentive of a stimulus or an action at any given time and in any

given context.34More primitive, robust, and inflexible assignment of

affective value is thought to rely on the amygdala.64,65 The assigned

affective relevance and value guides allocation of attentional re-

sources to the stimuli. Primitive threat-related stimuli such as spiders

are prioritized for automatic allocation of attention via robust

bottom-up mechanisms66 and rely on limbic circuitry including the

amygdala. Top-down control exerted by frontal circuits allows for

flexibly modulating the allocation of resources depending on the

current context—e.g., limiting attention allocation when threat is not

or no longer relevant.

The dynamic filtering theory posits that the OFC exerts top-

down control of emotional stimuli by selecting and inhibiting

neural circuitries associated with emotional responses.34,67 When

aversive stimuli are repeated without untoward consequences, in-

tact orbitofrontal circuitry allows for appropriate top-down control

and adaptation to occur. A lesion to this circuitry impairs appro-

priate top-down control, resulting in impaired adaptation and in-

creased ERPs to aversive stimuli.34 Patients with a lesion to the

OFC repeatedly fail to inhibit orienting to emotional stimuli, inhibit

the extent of their emotional reactivity,34 and fail to allocate at-

tentional resources to task-irrelevant but emotionally relevant vi-

sual images.9 Additional attentional resources are also not allocated

by these patients to novel environmental sounds that normally call

for attentional resources to be used for evaluating the affective

value of a stimulus or the mobilization of required actions.33

One might speculate that behavior is optimized by an appro-

priate balance between the dorsal attention network (including the

dorsolateral PFC) and the ventral attention network (including the

input from the OFC) responsible for the cognitive control of at-

tention and the involuntary attention capture, respectively.63,68

When either of these circuitries is impaired, the intact attention

circuitry takes precedence, leading to an imbalance between vol-

untary and involuntary attention allocation. A dorsolateral PFC

Table 5. Results of the Questionnaires

Orbitofrontal
group

Control
group p-value

BRIEF-A
Global Executive

Composite
59.17 S– 13.09 48.27– 9.59 0.044*

Behavior Regulatory
Index

56.25– 11.66 47.18– 7.91 0.118

Metacognition Index 60.50– 14.05 49.36– 10.13 0.051
Inhibit 53.42– 9.19 46.73– 8.65 0.207
Shift 58.33– 12.38 49.00– 9.73 0.051
Emotional Control 55.83– 12.01 47.46– 7.95 0.104
Self-Monitor 52.33– 12.33 48.09– 7.70 0.449
Initiate 61.83– 12.08 48.91– 8.10 0.013*
Working Memory 63.00– 16.22 47.82– 9.79 0.013*
Plan/Organize 57.17– 11.46 49.46– 9.26 0.079
Task-Monitor 60.83– 14.13 55.27– 13.58 0.169
Organization of Materials 54.17– 14.51 48.27– 9.44 0.487

RPQ
Previous post-concussion

symptoms
16.81– 15.69 4.18 – 5.42 0.041*

Post-concussion
symptoms at the
time of testing

15.73– 15.54 3.91 – 4.87 0.063

Somatic symptoms 2.04– 3.44 0.55 – 0.93 0.494
Sensory symptoms 1.12– 1.87 0.36 – 0.81 0.494
Sleep symptoms 3.54 – 2.82 1.18 – 1.83 0.047*
Emotional symptoms 3.65– 4.40 0.55 – 1.29 0.093
Cognitive symptoms 5.08– 4.13 1.27 – 2.41 0.030*

BDI 7.38 – 5.65 3.91 – 4.04 0.093
Modified BDI 2.85 – 2.54 1.00 – 1.48 0.055

BRIEF-A, Behavior Rating Inventory of Executive Function–Adult
version; RPQ, Rivermead Post Concussion Symptoms questionnaire; BDI,
Beck’s Depression Inventory.

*Statistically significant value.
There were significant differences between the groups in the BRIEF-A

in the Global Executive Composite, Initiate and Working Memory scores.
A higher score indicates experiencing greater problems in these areas. In
RPQ, previous post-concussion symptoms, Sleep symptoms and Cognitive
symptoms showed a statistically significant difference between the groups.
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lesion biases involuntary attention allocation, whereas anOFC lesion

biases voluntary attention allocation. The behavioral manifestations

of these unbalanced attentional systems include impulsive and

compulsive behaviors, corresponding to overactive involuntary and

voluntary attention systems, respectively.69 In line with these spec-

ulations, the current result supports a bias toward voluntary attention

allocation in patients with an orbitofrontal lesion.

While patients with orbitofrontal damage regularly report ex-

ecutive dysfunction,15,70 no objective evidence for a decline in

executive or cognitive functioning in general has been detected

using standard neuropsychological testing.2–4 In line with previous

reports, patients with orbitofrontal lesion in the current study re-

ported more problems than healthy controls in executive functions

on the BRIEF-A questionnaire. In addition to having an overall

higher score on BRIEF-A, they reported problems with task initi-

ation and working memory.

The orbitofrontal lesion group also reported experiencing more

cognitive symptoms than the control group on the RPQ question-

naire. The Executive-RT test used in this study is thought to be

more sensitive than traditional neuropsychological tests in tapping

into subtle deficits in executive functions, including working

memory and initiation (where the patients reported subjective dif-

ficulties). However, the overall performance of patients with or-

bitofrontal lesion did not differ from controls. Thus, we did not

obtain objective evidence for any general executive dysfunction in

patients with orbitofrontal lesion. Further, despite some evidence in

the literature for the role of the OFC in response inhibition,10,11 we

did not obtain any evidence for impaired response inhibition in

general due to an OFC lesion in the current study. Only in a specific

case—i.e., in Emotion Irrelevant condition —patients with OFC

lesion had worse response inhibition performance than controls,

independent of the valence of the emotional stimuli. In addition to

this specific instance in which performance in a task requiring

cognitive control was compromised, we found more general elec-

trophysiological and behavioral evidence for alteration in emotion-

executive function interaction due to OFC lesion.

While intact cognitive performance is reported in patients with

orbitofrontal lesion using traditional neuropsychological testing,

objective evidence of dysfunctional neural circuits underlying the

many challenges patients with orbitofrontal lesion encounter has

been lacking. While in the current study the Emotional Control score

in BRIEF-A did not reach statistical difference between groups, one

of the main challenges reported by patients in previous studies in-

cludes deficient control of emotion,with patients frequently reporting

difficulties in controlling anger.7 In the current study, task-relevant

emotional context recruited more cognitive control resources, facil-

itated attention allocation, and was favorable in terms of task per-

formance. In a real-life setting, however, over-allocation of resources

in the context of emotion or increased influence of emotional stimuli

on goal-directed behavior may be disruptive.

Conclusion

This study provides new evidence for the role of the OFC in

emotion-attention and emotion-cognitive control interaction. The

OFC seems to contribute to the appropriate balance between vol-

untary and involuntary attention networks in the context of emo-

tional stimuli. Potential electrophysiological biomarkers such as

N2-P3 reflecting alterations in emotion-attention and emotion-

cognitive control interaction in patients with OFC lesion may in

future provide a basis for objective detection of affective and be-

havioral dysfunction in these patients.
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Patients with lesion to the orbitofrontal cortex (OFC) experience challenges in emotional
control and emotion-guided behaviors. The OFC is known to participate in executive
functions and attentional control of emotion and our previous research suggests OFC
lesion alters the balance between voluntary and involuntary attention and cognitive
control within the context of emotion. To better understand how OFC lesion affects
the dynamics and interaction of these functions, we studied EEG and performance of
12 patients with lesion to the OFC and 11 control subjects with intact OFC in a Go/NoGo
visual reaction time (RT) task with neutral targets and intervening threat-related emotional
distractors (Executive RT Test). Event-related potentials (ERPs), specifically N2P3 peak-
to-peak amplitude and the following late positive potential (LPP), were used to measure
allocation of attention and cognitive control to emotional distractors. Task performance
and Behavior Rating Inventory of Executive Functions—Adult version (BRIEF-A) scores
were used to assess executive functions. As expected, the Control group showed
increased N2P3 amplitude in the context of threat-related distractors, particularly over
the right hemisphere, while LPP was not modulated by these distractors. In contrast,
patients with OFC lesion showed no such impact of threat-related distractors on
N2P3 amplitude but exhibited increased and prolonged left-lateralized impact of threat
on LPP in the Go-condition. In NoGo-condition, the N2P3 amplitude was increased in
both groups due to threat, but the impact was seen earlier, i.e., at the N2 peak in the OFC
group and later at the P3 peak in Controls. The OFC group committed more errors in
the Executive RT Test and reported more problems in BRIEF-A, thus both objective and
subjective evidence for challenges in executive functions was obtained in patients with
orbitofrontal lesion. Furthermore, the time-course of attention allocation and cognitive
control towards task-irrelevant emotional stimuli was altered as evidenced by ERPs. We
conclude that orbitofrontal lesion is associated with altered neural dynamics underlying
the interaction of involuntary attention to emotion and cognitive control. These alterations
in brain dynamics may underlie some of the challenges patients encounter in everyday
life when emotional events interact with cognitive demands.

Keywords: attention, cognitive control, executive function, emotion, EEG, ERP, orbitofrontal cortex, human studies
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INTRODUCTION

While little is known of human orbitofrontal cortex (OFC)
function it is thought to be involved in emotional control and
emotion-guided behaviors. The OFC with its wide connections
to other limbic and prefrontal regions allows for integrating
information of emotional value into attentional and executive
function networks (Armony and Dolan, 2002; Wallis, 2007).
Lesion to the OFC results in challenges in emotion-guided
behaviors (Rolls and Grabenhorst, 2008) and experienced
difficulties in executive functions necessary in daily life (Løvstad
et al., 2012a). However, neuropsychological tests typically fail to
capture any deficits in attentional, executive or affective functions
in patients with lesion to OFC despite their self-reported
occurrence (Manes et al., 2002; Zald and Andreotti, 2010).
Alterations in emotion-attention and emotion-cognitive control
interactions have been observed in these patients with event-
related potentials (ERPs; Hartikainen et al., 2012a; Mäki-
Marttunen et al., 2017), suggesting a lack of sensitivity on the
part of traditional testing methods. More detailed knowledge,
including possible changes in the dynamics of these interactions,
is needed for further insight into the neural basis underlying
the behavioral, emotional and cognitive challenges these patients
encounter as well as for developing accurate assessment and
targeted rehabilitation tools for them.

To obtain insight into the temporal dynamics of emotion-
attention and emotion-cognitive control interactions and the
role of human OFC in these functions, we studied patients
with focal lesion to OFC using ERPs while they performed a
computer-based test of executive functions, Executive Reaction
Time (RT) Test, in the context of emotional distractors. This
paradigm is designed to mimic everyday challenges in executive
functions where simultaneous demands for multiple executive
functions and unexpected emotional events meet. As patients
with OFC lesion report challenges in executive functions in
everyday situations but do not show deficits in traditional
neuropsychological testing, we assumed that a paradigm
introducing both emotional and cognitive challenge might be
more sensitive than traditional tests in objectively capturing
difficulties these patients encounter. The Executive RT Test has
been shown to be sensitive in detecting emotional interference
of task performance in healthy young subjects reflecting normal
emotion-attention interaction (Hartikainen et al., 2012b; Erkkilä
et al., submitted). Moreover, exaggerated attention capture
by threat (i.e., altered emotion-attention interaction) has also
been shown with this paradigm in patients with mild head
injury and persistent symptoms (Hartikainen et al., 2010b) and
in patients with refractory epilepsy treated with deep brain
stimulation and vagus nerve stimulation (Hartikainen et al.,
2014; Sun et al., 2015, 2017). In line with these previous studies,
we focused on emotional modulation of late attentional and
cognitive control phases reflected in N2 and P3 peaks and
used N2P3 peak-to-peak amplitude as an electrophysiological
biomarker for emotion-attention interaction. Furthermore, we
assessed the subsequent emotional modulation of late positive
potential (LPP), reflecting continued emotional processing after
N2P3 potential.

For adaptive behaviors, efficient cognitive and attentional
control is needed to either select the appropriate behavioral
responses or suppress undue emotional reactions in face
of emotional events. To that end, task-irrelevant emotional
information compete for attentional and executive resources
required to perform the task and thus task-irrelevant
emotional events frequently interfere with performance in
tasks requiring attention and executive functions in healthy
subjects (Hartikainen et al., 2000, 2010a, 2012b; Hodsoll et al.,
2011). In contrast to healthy subjects, we have previously shown
that patients with lesion to the OFC show stronger than normal
bias to voluntary attention supporting task performance but
at the expense of involuntary attention allocation that might
be beneficial outside the current task demands (Hartikainen
et al., 2012a; Mäki-Marttunen et al., 2017). In a recent study
with OFC lesion patients, non-emotional auditory stimuli
evoked reduced amplitude of N1 potential which is known
to be modulated by top-down attention control (Kam et al.,
2018). Other electrophysiological studies have reported altered
attentional processing of emotion and novelty after OFC
lesion, although with equivocal results. Rule et al. (2002) found
enhanced P3 potentials to aversive task-irrelevant somatosensory
stimuli. Decreased P3 to novel irrelevant auditory stimuli along
with normal P3b to targets has been previously reported
in patients with OFC lesion (Løvstad et al., 2012b). In line
with reduced attention-related ERPs to novel and emotional
stimuli, task-irrelevant emotional photographs resulted in
attenuated N2P3 peak-to-peak amplitudes in patients with
OFC lesion whereas increased N2P3 amplitudes to immediately
following targets were observed (Hartikainen and Knight,
2003; Hartikainen et al., 2012a). Enhanced N2P3 amplitudes
were also observed in the context of task-relevant threat-
related stimuli in OFC lesion (Mäki-Marttunen et al., 2017).
These results suggest that the OFC has a role in guiding
attention to emotionally or otherwise significant events even
when irrelevant to the current task, modulating the extent of
emotional impact on task-related attentional and cognitive
control processes and in contributing to the balance between
voluntary and involuntary attention especially in the context of
emotion.

The areas involved in emotional processing, like the
OFC and the amygdala, are thought to interact with the
frontoparietal attention network, including the lateral prefrontal
cortex, parietal cortex and the frontal eye fields (Pessoa,
2010), to allow for normal emotion-attention interaction.
OFC evaluates the value and significance of emotional
stimuli (Wright et al., 2008) and directs this information
to other brain areas responsible for attentional control and
executive functions. Attention modulates the value coding
in OFC (Xie et al., 2018) and dopaminergic modulation
of OFC has been shown to alter attentional performance
(Winstanley et al., 2010). The posterior OFC has been
shown to activate together with temporoparietal areas and
the anterior cingulate cortex in response to salient events
that occur outside the current focus of attention but require
evaluation of potential behavioral relevance (Gruber et al.,
2010). Thus, OFC may be part of the neural system that allows
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for monitoring the environment for potentially significant
information even when outside the current task or focus of
attention.

Intact communication between attentional and emotion-
related networks, and their key nodes such as the OFC, is needed
for appropriate emotion-attention interaction allowing for
successful emotion-guided behaviors. Emotional and attentional
interactions are multidirectional, intertwined and dynamic
within sensory, limbic and attentional networks that interface
in OFC. Thus, instead of assessing emotion-attention interaction
as a static phenomenon in a single time point it is important to
evaluate the temporal evolution and dynamics of this interaction
in healthy subjects and how the dynamics are altered in patients
with OFC lesion. ERPs with temporal resolution compatible
with rapidly evolving mental events are suitable for such an
approach. With this approach it is possible to gain information
that eventually allows for better insight into deficits these patients
encounter in real life situations that currently elude traditional
assessment.

Normal emotional modulation of attention-related brain
potentials is typically reflected in enhanced N2, P3 or N2-P3
potentials (Dennis and Chen, 2007; Olofsson et al., 2008;
Mäki-Marttunen et al., 2015) or increased slow positivity
during LPP (Hajcak et al., 2009) depending on the task. The
observed impact of task-irrelevant emotional information on
task-related attentional processes is typically lateralized to the
right hemisphere dependent functions as well as target-related
brain potentials over the right parietal region (Hartikainen
et al., 2000, 2007, 2010a). In order to isolate the pure impact
of emotion, the impact of visual stimuli can be subtracted
by means of difference waveforms where an ERP evoked by
a condition with emotionally neutral distractor is subtracted
from an ERP evoked by a condition with threat-related
emotional distractor with exactly the same basic physical
features. Such difference waveforms reflect the mere impact
of emotion with brain potentials related to visual processing
subtracted (Hartikainen et al., 2007). In the current study, we
used black line drawings of biologically relevant threat-related
stimuli, i.e., spiders and emotionally neutral control images
constructed from identical line components but in a different
configuration that did not have emotional value. Such simple
threat-related stimuli used in the current study are known to
be prioritized for attention networks (Vuilleumier and Schwartz,
2001) and provide means to tap into potential alterations in
emotion-attention interaction due to OFC lesion. Because the
N2 potential reflects early cognitive control, particularly in a
response inhibition/NoGo task (Donkers and van Boxtel, 2004;
Megías et al., 2017), and the P3 potential reflects response
inhibition and possibly response cancellation in a NoGo task
(Kok et al., 2004; Randall and Smith, 2011; Groom and Cragg,
2015) as well as attention allocation (Polich, 2007), they are
suitable candidates for studying the interaction of emotion
and attention/cognitive control. We further combined these
amplitudes to N2P3 peak-to-peak amplitude as our previous
studies with clinical populations have suggested that in contrast
to single peak measurements, N2P3 peak-to-peak amplitude
may provide a more robust measure of attention (Mäki-

Marttunen et al., 2015, 2017) and help control for abnormal
EEG shifts and slow waves frequently observed in clinical
populations.

In the current study, we aimed at assessing the impact of
OFC lesion on the temporal dynamics of emotion-attention
and emotion-cognitive control interaction. We assessed
how task-irrelevant emotional distractors modulate the N2,
P3 and LPP during a task requiring attention and cognitive
control in healthy subjects and in patients with OFC lesion.
In line with our previous studies (Hartikainen et al., 2007,
2010a), we expected healthy control participants to show
right-lateralized modulation of attention-related ERPs to
task-irrelevant emotion which would reflect normal emotion-
attention interaction dominated by the right hemisphere. In
comparison, we expected altered modulation of attention
and cognitive control related ERP components in patients
with OFC lesion. In addition, we studied whether patients
with OFC lesion experience increased difficulties in everyday
executive functions as previously reported (Løvstad et al.,
2012a; Mäki-Marttunen et al., 2017) and assessed with the
Behavior Rating Inventory of Executive Functions—Adult
version (BRIEF-A; Roth et al., 2005) self-report questionnaire.
We also assessed whether there is any objective evidence
of executive dysfunction as reflected in performance in a
computer-based Executive RT Test that engages several
executive functions simultaneously in the context of threat-
related distractors.

MATERIALS AND METHODS

Subjects
Twelve patients (mean age = 58 years, male = 11, female = 1,
mean years of education = 13) with acquired lesion to the
OFC formed the OFC lesion group. Lesion etiologies were
traumatic brain injury (n = 8), operated meningioma (n = 3) and
aneurysmatic subarachnoidal hemorrhage (n = 1). All patients
had participated in a previous study of our research group
performing a modified version of the current executive function
test. The Control group consisted of 12 neurologically healthy
subjects (mean age = 53 years, male = 6, female = 6, mean
years of education = 15) recruited as a convenience sample
from subjects who had previously participated in a study of our
research group, to reduce the effect of learning on between-group
differences. The groups did not differ significantly in terms of age
and years of education. However, subject sex distribution was
not balanced as there was only one female in the OFC lesion
group and six females in the Control group. General exclusion
criteria for both groups included history of substance abuse,
previous neurological disorder (such as ADHD), and current
moderate or severe depression. The study was approved by
the Ethical Committee of the Tampere University Hospital and
participants provided their written informed consent according
to the Declaration of Helsinki governing the use of human
subjects.

Invitations to participate in the study were based on
neuroradiological evaluations of suitable lesion location by
an experienced neuroradiologist who referred patients to the
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research group. Lesion characterization was based on magnetic
resonance imaging (MRI) except for one patient whose MRI
scan was unavailable. This patient’s lesion evaluation was
determined by computed tomography (CT) scan. Lesion location
and size were subsequently evaluated by a neurologist, and
patients with multiple or extensive lesions extending beyond
the OFC were excluded from the study. The most serious
injury class in this study was moderate brain injury, based
on the Finnish diagnostic guidelines for brain injuries (Brain
Injuries. Current Care Guidelines, 2017). Moderate brain injury
in Finnish classification corresponds to mild complicated or
moderate brain injury in brain injury literature (Williams et al.,
1990) and in American diagnostics guidelines (Department of
Veterans Affairs and Department of Defense, 2016). Lesion
reconstructions were carried out using MRIcron version 11

(Rorden et al., 2007) and are presented in Figure 1. Lesion
characteristics, including type of injury, size and location, are
presented in Table 1.

Questionnaires
BRIEF-A (Roth et al., 2005) was used to assess participants’
subjective judgment of their executive functions in daily
life. The questionnaire presents 70 statements concerning
different situations employing executive functions requiring
the responder to assess whether he/she exhibits the kind of
behavior ‘‘never,’’ ‘‘sometimes’’ or ‘‘often.’’ Nine different
aspects of executive functions are assessed (Inhibition,
Shifting, Emotional Control, Self-Monitoring, Initiation,
Working Memory, Planning/Organizing, Task Monitoring,
Organization of Materials) and later combined to produce

FIGURE 1 | Lesion reconstructions of the orbitofrontal cortex lesion group. Eleven horizontal slices are presented for each patient. The top panel represents group
overlay of all lesions, where the color bar indicates the number of patients having the lesion on the same area, with darker colors indicating fewer patients and lighter
colors representing more patients. In the MRI lesion reconstruction images of single patients the red color indicates the lesion location.
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TABLE 1 | Lesion characteristics of the orbitofrontal cortex lesion group.

Subject Etiology of injury Time since injury (months) Lesion size (cm3) Lesion side Brodmann areas

OF1 Traumatic brain injury 36 2.94 Right 10, 11
OF2 Subarachnoidal hemorrhage 120 11.58 Right 10, 11, 25, 32
OF3 Operated meningioma 40 34.25 Both 9, 10, 11, 24, 25, 32, 45, 46, 47, 48
OF4 Traumatic brain injury 39 2.43 Both 11, 20, 36, 38
OF5 Operated meningioma 41 49.29 Both 9, 10, 11, 25, 32, 45, 46, 47, 48
OF6 Traumatic brain injury 183 1.36 Right 10, 11
OF7 Operated meningioma 71 4.34 Left 10, 11
OF8 Traumatic brain injury 24 10.65 Both 10, 11, 20, 25, 28, 34, 38, 46, 47, 48
OF9 Traumatic brain injury 46 1.57 Right 10, 11
OF10 Traumatic brain injury 24 3.62 Both 10, 11, 20, 38
OF11 Traumatic brain injury 19 2.99 Left 11, 25, 48
OF12 Traumatic brain injury 46 19.13 Both 10, 11, 20, 21, 25, 34, 36, 38, 46, 47, 48
Mean 57.4 12.0

Lesion etiology, side, size in cubic centimeters, affected Brodmann areas and time from the injury in months are presented.

three summary indices (Behavioral Regulation Index (BRI),
Metacognition Index (MI) and Global Executive Composite
(GEC)). The BRIEF-A is suitable for assessing self-reported
executive dysfunction in brain injured patients (Waid-Ebbs
et al., 2012). Beck’s Depression Inventory (BDI; Beck et al.,
1996) was used to measure possible depressive symptoms
of participants because depression was one of the exclusion
criteria and could impair task performance (Austin et al.,
2001) and bias attention allocation to negative emotional
stimuli (Gotlib et al., 2004). Rivermead Post-Concussion
Symptoms Questionnaire (RPQ; King et al., 1995) was used to
measure the amount of post-concussion related symptoms in
patients and determine whether they were still symptomatic.
Participants also completed a basic demographic information
questionnaire.

Executive Reaction Time Test
The Executive RT Test, developed by Hartikainen et al.
(2010b) is a computer-based Go/NoGo task that incorporates
non-emotional target stimuli and emotion-related (neutral and
threatening) irrelevant distractor stimuli. The task requires
several types of executive functions, including response
inhibition, set shifting and updating, working memory and
selective attention. Schematic diagram and task description of
the Executive RT Test are presented in Figure 2.

Participants performed the Executive RT Test while seated
approximately one meter away from a computer screen in
a sound attenuated booth. They were instructed to react as
fast and as accurately as possible to the orientation of the
triangle. The emotional figure served as an irrelevant distractor,
thus the participants need not consciously react to it, but it
may capture attentional resources via bottom-up mechanism
and thereby create attentional competition. Three error types
are possible in performing the test: Miss, i.e., missing the
button press although button press was required; Incorrect
button press, i.e., pressing the wrong button, for example
pressing down button even though the triangle was pointing
upwards; and Commission error, i.e., pressing the button even
though one was required to withdraw from responding (the
so called ‘‘NoGo-error’’). Misses reflect problems in initiating
a response or lapses in attention, Incorrect button presses

FIGURE 2 | Schematic illustration of the Executive Reaction Time Test by
Hartikainen et al. (2010b), an integrated test of executive functions with
task-irrelevant emotional distractors. This test mimics everyday demands for
executive functions as it requires multiple different executive functions to be
engaged simultaneously, including working memory, response inhibition and
the ability to change behavioral sets flexibly. Corresponding to real-life
situations where successful behavior requires sharing cognitive control
resources between the current task and intervening emotional events, the test
requires cognitive control to sufficiently control emotional interference in order
to perform well. Thus, this test allows for sensitive assessment of executive
functions as well as emotion-attention and emotion-executive function
interaction. Each trial begins with a white triangle appearing on the screen
pointing either upwards or downwards. The participants must attend to the
pointing direction of the triangle and keep it in working memory. A Go or a
NoGo signal in form of a traffic light is presented 150 ms after the offset of the
triangle in the middle of the screen. The color of the traffic light signals whether
the participant is supposed to respond or withhold from responding; green
light = Go and red light = NoGo. In half of the blocks the traffic light rule for
responding is reversed requiring the subject to flexibly change sets and
respond according to a new rule. In Go-condition, participants were instructed
to press a response pad button corresponding to the triangle orientation
memorized (triangle up = middle finger, triangle down = index finger).
Task-irrelevant emotional distractors were presented in the middle position of
the traffic light. The emotional distractors were composed of identical
line-elements but in a different configuration forming either a figure of a spider
(negative, threatening distractor) or a flower (neutral distractor).

reflect lapses in working memory, while Commission errors
indicate problems in response inhibition. In summary, the
task requires efficient control of executive functions, selective
attention and tests the effect of task-irrelevant emotional stimuli
on these processes and the ability of the subjects to control
for it.

The number of Go/NoGo blocks, threat-related and neutral
distractors and orientation of the triangle were all balanced to a
50:50 ratio and presented in random order. Each block consisted
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of 64 trials and the total length of the task was 16 blocks, resulting
in 1,024 trials per participant. Half of the blocks were performed
using the right hand and the other half performed using the
left hand. RT and number of errors served as measures of task
performance. The emotional figures were composed of identical
black lines in order to control for physical properties (size, color,
complexity, luminance) and prevent stimuli properties other
than emotional content from influencing visual attention and
ERPs.

EEG Recording and Preprocessing
The EEG signal was recorded using 64 Ag/AgCl active electrodes
(actiCAP, Gilching, Germany) along with a QuickAmp-amplifier
system and Brain Vision Recorder software (Brain Products,
GmbH). The sampling rate used to digitize EEG was 500 Hz.
Electrode impedances were kept below 5 k� throughout the
recording. The EEG preprocessing and construction of ERPs
was done offline using Brain Vision Analyzer 2 software (Brain
Products, GmbH). The EEG was down sampled to 250 Hz
and filtered with IIR filters to 0.01–70 Hz followed by blink
artifact removal by semiautomatic, independent component
analysis–based function, method described by Jung et al.
(2000). An additional artifact removal was performed removing
intervals with more than 100 µV voltage difference to the
surrounding signal. The data was then re-referenced to the
linked right and left lobules auriculae and further filtered to
0.01–30 Hz before segmentation. Segmentation to create ERPs
was performed by cutting segments starting 200 ms before trial
onset, i.e., the appearance of the triangle on the screen, and
ending 1,800 ms after. Segments were baseline-corrected to
the base line of a timeframe from before 200 ms to the trial
onset.

The ERP segments were averaged based on condition (Go
or NoGo) and distractor type (Emotional, Neutral), resulting in
four different ERP conditions for each subject (Go Emotional,
Go Neutral, NoGo Emotional and NoGo Neutral, respectively).
The minimum cut-off for the number of segments per condition
per participant was 50. Each trial began with the triangle,
i.e., located at timepoint 0 ms. Go/NoGo signal, i.e., the traffic
light, appeared 300 ms after the trial onset. The N2 and
P3 components appearing after the Go/NoGo signal were
identified from the Grand Average waveforms based on visual
inspection and semiautomatic peak detection based on the
timeframes defined by visual inspection. The N2 was defined as
the most negative peak in a time frame ranging from 450 ms
to 670 ms (i.e., 150–370 ms from the traffic light cue) and the
P3 as the most positive peak in a time frame from 600 ms
to 900 ms (i.e., 300–600 ms from the traffic light cue). We
exported the mean value around the observed peak ±5 time
points from the peak marker for analysis. N2 amplitude is
normally well depicted in frontocentral regions whereas the
target-evoked P3 amplitude is seen on the parietal areas and
we included electrodes that best capture these components. For
this reason and in order to reduce the number of statistical
comparisons and to keep methodology similar to our previous
studies (Mäki-Marttunen et al., 2015, 2017), we selected one
frontal, central and parietal electrode over each hemisphere

for statistical analysis: F3 (left frontal), F4 (right frontal), C3
(left central), C4 (right central), P3 (left parietal) and P4 (right
parietal). The N2P3 peak-to-peak amplitude was constructed by
subtracting the N2 amplitude from the P3 amplitude for each
electrode.

Statistical Analysis
Behavioral Analysis
The behavioral analysis was performed using R version 3.3.3
(R Core Team, 2017). The distribution of RTs was skewed and
they were normalized using logarithmic transformation before
the analysis. RT analysis was conducted with mixed model
ANOVA where Group (OFC, Control) served as a between-
group factor and Emotion (Emotional, Neutral) as a within-
subjects factor. Error analysis was done using generalized binary
logistic regression as suggested by Jaeger (2008) and Dixon
(2008). In the binary logistic regression model, Group (OFC,
Control) and Emotion (Emotional, Neutral) were used as fixed
effect predictors and Subject as a random effect predictor. Subject
was classified as a member of the OFC group or the Control
group in a hierarchical manner.

For the binary logistic regression analysis, error data
was dichotomized. Three types of errors were possible
(See ‘‘Executive Reaction Time Test’’ section); Go-errors,
i.e., ‘‘Incorrect button press’’ and ‘‘Miss,’’ and NoGo-errors,
i.e., ‘‘Commission errors.’’ Incorrect button presses were
dichotomized as either ‘‘incorrect’’ or ‘‘other’’ (i.e ‘‘correct’’ or
‘‘miss,’’ other possible answers in a Go-situation) and Misses as
‘‘miss’’ or ‘‘other’’ (i.e., ‘‘correct’’ or ‘‘incorrect’’ using a similar
logic as previously). Commission errors were dichotomized as
‘‘commission error’’ or ‘‘correct’’ (no other error types available
in NoGo-situation). Total errors were labeled as ‘‘error’’ or
‘‘correct.’’ Following this, a separate model to predict probability
to make an error was created for each condition. We used the
‘‘lme4’’ package version 1.1–13 (Bates et al., 2015) for binary
logistic regression modeling and analysis.

Before modeling, the data was checked for outliers. A subject
was considered an outlier if his/her error sum in any error
category exceeded the group mean error rate for that error
category by more than 2.5 standard deviations (SD). In case of
an outlier, the data was analyzed without the outlier and if the
results changed, the outlier was excluded from the final analysis.
Data was also checked for outlier and ‘‘wrong-rule’’ blocks. A
block with wrong rule was a block where the subject apparently
answered using the wrong answering rule. If 75% of the answers
were Commission errors and Misses, the block was considered a
wrong rule block and excluded. Outlier block was a block where
the subject’s error rate was more than three SD above his/her
mean error rate. Neither wrong rule blocks nor outlier blocks
were detected in the data, i.e., no blocks were excluded from the
analysis. Outlier subject criteria were met several times in both
groups, however, the result was affected only once. Participant
number 12 from the Control group was excluded from further
behavioral and neurophysiological analysis based on the higher
amount of total errors compared to the rest of the group (Total
errors, group mean = 3% vs. participant 12 mean = 9.6%).
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ERP and ERP Difference Wave Analysis
The N2P3 peak-to-peak amplitude was used for statistical
analysis. We used mixed model ANOVA (repeated measures
and between-group measures) to compare between-group
and within-subjects factors simultaneously. Group (OFC,
Control) was defined as a between-group factor and Emotion
(Emotional, Neutral), Laterality (Right, Left) and Region
(Frontal, Central, Parietal) as within-subjects factors. ERPs were
analyzed separately for the Go- and NoGo-conditions. Data
suitability to ANOVA assumptions was tested, normality tests
yielding normal or close to normal distributions.

To analyze differences in attention allocation to emotion
between the groups and to eliminate the effect of other visual
processes and potential artifacts on the observed differences, we
created difference waveforms by subtracting ERP amplitude in
context of neutral distractor from ERP amplitude in context
of emotional distractor in both groups (ERP Emotional—ERP
Neutral). This difference waveform was used to investigate
differences in continuous emotional processing in selected
time windows and subjected to separate statistical analysis.
In Go-situation we chose time windows corresponding to the
time of P3 peak and the following slow positive waveform, the
LPP, which is reported to be larger when emotional stimuli
is only attended to but reduced with successful reappraisal of
emotion (Hajcak and Nieuwenhuis, 2006), i.e., 700–800 ms
and 800–900 ms in our paradigm. In NoGo-situation we
chose time windows around the N2 peak and the P3 peak,
i.e., 600–700 ms and 700–800 ms, for further analysis as these
potentials are thought to reflect different phases of cognitive
control required for response inhibition and are known to
be modulated by emotion with the extent of modulation
reflecting factors influencing emotion-cognition interaction such
as emotional intelligence (Megías et al., 2017). The amount
of selected time windows was kept to minimum to control
for familywise error rate. Subtraction ERP emotional—ERP
Neutral was conducted first and the mean amplitude in the
aforementioned 100 ms time windows exported for statistical
analysis. The difference waveforms reflecting mere impact of
emotion were subjected to ANOVA where factor Group (OFC,
Control) served as a between-group factor and Laterality (Right,
Left) and Region (Frontal, Central, Parietal) as within-subjects
factors.

Post hoc analysis with ANOVA was performed when
significant interactions were met. When decomposing
interactions for post hoc ANOVAs, we chose to adjust
the significance level based on the Bonferroni method, to
p = 0.017 on the final ANOVA level to correct for multiple
comparisons. Statistical analysis was performed using R version
3.3.3 (R Core Team, 2017) and the package ‘‘ez’’ version 4.4-0 for
ANOVA comparisons (Lawrence, 2016). Sphericity corrections
were applied whenever non-spherical data was encountered.

Questionnaire Analysis
The BRIEF-A composite scores and indices, the RPQ subscores
and total scores, and the BDI scores were analyzed using R
version 3.3.3 (R Core Team, 2017). Normality tests resulted
in a non-normal distribution in most cases, thus Wilcoxon

rank-sum tests for nonparametric comparisons were applied
using package coin (Hothorn et al., 2006, 2008). BRIEF-A
raw scores were transformed to normative t-scores and the
t-scores used for between-groups comparison, as they allow
comparison of a standard coeval sample (Roth et al., 2005).
From the RPQ we compared the current reported symptoms
between the groups. The validity of the RPQ total score
has been questioned because post-concussion symptoms are
nonspecific, fitting many other conditions as well. Dividing
the total score to emotional, somatic and cognitive symptom
categories has been suggested in several studies, thus we divided
the total score into those categories according to Smith-Seemiller
et al. (2003) and Potter et al. (2006), and analyzed them
separately.

RESULTS

Task Performance
RT analysis resulted in no significant main effects or interactions;
there was no difference between the group RTs (OFC lesion
group, RT = 476.87 ms ± 191.61 ms vs. Control group
RT = 459.09 ms ± 180.16 ms). The OFC lesion group
was 2.3 times more likely to commit an error of any type
compared to the Controls (Total errors, Main effect of Group,
OFC vs. Controls: OR 0.43, (95% CI = 0.21–0.88), 4.7%
vs. 2.1%). The OFC lesion group was 5.2 times more likely
to miss a response compared to the Control group (Miss,
Main effect of Group, OFC vs. Controls: OR 0.19, (95%
CI = 0.041–0.90), 0.9% vs. 0.2%). The increased probability
to commit an error of any type or miss responding in
the OFC lesion group was not dependent on the emotional
distractor. The probability to commit an Incorrect button
press was almost significantly different (p = 0.059) between
the groups, the OFC lesion group committing more Incorrect
button presses (Main effect of Group, OFC vs. Controls: OR
0.39, (95% CI = 0.15–1.04), 2.9% vs. 1.2%). Binary logistic
regression for Commission errors did not yield significant
results.

ERPs
Go-Condition
The mean amplitudes and SD for the N2 and P3 ERP
components as well as the N2P3 peak-to-peak amplitudes
for both groups in each condition are listed in Table 2.
In the Go-condition, analysis of the N2P3 peak-to-peak
amplitude yielded no statistically significant main effects.
There was a significant interaction of Group × Emotion
(F(1,21) = 10.36, p = 0.0041, η2G = 0.0026) which was investigated
further by dividing the data by Group and analyzing them
separately with post hoc ANOVAs. In the Control group,
the N2P3 amplitude in context of the emotional distractor
was larger compared to the neutral distractor (F(1,10) = 6.31,
p = 0.031, η2G = 0.0031; Emotional = 7.10 µV ± 3.74 µV
vs. Neutral = 6.71 µV ± 3.59 µV). However, under the
Bonferroni-adjusted significance criteria this effect was only
approaching significance. In the OFC lesion group, the
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TABLE 2 | N2, P3 and N2P3 amplitudes and standard deviations (in µV) presented for each condition (Go and NoGo), for both groups and separately for both emotional
distractors and for each electrode over the left and right frontal (F3, F4), central (C3, C4) and parietal (P3, P4) scalp sites used in the analysis.

Frontal F3 (left) F4 (right)

Condition Group Distractor N2 P3 N2P3 N2 P3 N2P3

Go Control Emotional −5.3 (3.8) 1.5 (3.2) 6.8 (3.3) −3.9 (4.4) 3.1 (2.8) 7.0 (3.3)
Neutral −5.1 (3.8) 1.4 (3.1) 6.5 (3.3) −3.6 (4.7) 2.8 (3.0) 6.4 (3.0)

OFC Emotional −3.5 (6.0) 4.4 (7.2) 7.9 (4.0) −2.5 (4.9) 5.6 (5.2) 8.2 (3.5)
Neutral −3.6 (5.6) 4.7 (7.0) 8.3 (4.7) −2.8 (4.8) 5.7 (5.3) 8.4 (4.4)

NoGo Control Emotional −3.0 (2.1) 7.4 (4.2) 10.4 (4.5) −3.0 (2.3) 6.3 (3.8) 9.3 (4.6)
Neutral −2.6 (2.7) 7.1 (3.9) 9.7 (4.1) −2.8 (2.9) 5.8 (3.7) 8.5 (4.1)

OFC Emotional −2.3 (3.6) 10.4 (4.8) 12.7 (5.5) −2.6 (3.9) 10.3 (4.9) 12.8 (5.2)
Neutral −1.9 (3.7) 10.1 (4.4) 12.0 (5.2) −1.9 (3.3) 10.2 (4.7) 12.0 (5.0)

Central C3 (left) C4 (right)

Condition Group Distractor N2 P3 N2P3 N2 P3 N2P3

Go Control Emotional −6.5 (3.9) 0.7 (3.0) 7.2 (4.0) −4.3 (3.2) 3.2 (4.3) 7.5 (4.3)
Neutral −6.5 (3.9) 0.6 (3.1) 7.1 (3.8) −4.3 (3.5) 2.7 (3.8) 7.1 (4.0)

OFC Emotional −4.7 (6.4) 3.4 (6.3) 8.2 (3.8) −4.1 (6.1) 4.5 (4.8) 8.6 (4.4)
Neutral −4.8 (6.2) 3.5 (6.1) 8.4 (4.2) −4.6 (5.8) 4.9 (5.0) 9.5 (4.6)

NoGo Control Emotional −2.1 (2.2) 7.6 (3.9) 9.6 (4.0) −1.8 (1.7) 7.0 (4.1) 8.7 (4.6)
Neutral −1.9 (2.3) 7.1 (3.8) 9.0 (3.9) −1.6 (1.7) 6.5 (4.0) 8.1 (4.3)

OFC Emotional −1.5 (3.8) 9.1 (3.6) 10.7 (5.0) −2.0 (3.7) 9.1 (4.5) 11.1 (4.8)
Neutral −1.1 (4.3) 9.2 (3.6) 10.3 (5.1) −1.2 (3.8) 8.9 (4.4) 10.1 (5.0)

Parietal P3 (left) P4 (right)

Condition Group Distractor N2 P3 N2P3 N2 P3 N2P3

Go Control Emotional −2.8 (4.7) 4.4 (3.6) 7.2 (4.7) −1.4 (4.3) 5.5 (3.8) 6.9 (4.6)
Neutral −2.9 (5.1) 4.0 (4.0) 6.9 (4.8) −1.2 (4.8) 5.0 (4.1) 6.2 (4.5)

OFC Emotional −2.7 (4.4) 5.6 (4.4) 8.3 (3.2) −2.6 (3.7) 5.9 (3.4) 8.5 (3.8)
Neutral −3.2 (4.5) 5.2 (4.0) 8.4 (3.1) −2.8 (3.8) 6.0 (3.3) 8.8 (3.7)

NoGo Control Emotional −0.7 (3.7) 6.1 (4.6) 6.9 (4.0) −0.4 (3.8) 6.4 (4.0) 6.8 (4.6)
Neutral −0.9 (4.0) 6.2 (3.9) 7.1 (3.8) −0.5 (3.8) 6.4 (3.8) 6.9 (4.3)

OFC Emotional −0.9 (3.4) 7.2 (3.5) 8.1 (3.8) −0.4 (2.5) 7.5 (3.6) 7.9 (3.1)
Neutral −0.7 (4.1) 7.0 (3.6) 7.7 (4.2) −0.3 (2.8) 7.4 (3.4) 7.6 (3.2)

valence of the distractor had no significant effect on the
N2P3 amplitude (F(1,11) = 4.49, p = 0.058, η2G = 0.0031,
Emotional = 8.25 µV ± 3.39 µV vs. Neutral = 8.64 µV ±

3.74 µV).
There was also an interaction effect of Group ×

Emotion × Laterality (F(1,21) = 4.48, p = 0.046, η2G = 0.0004). The
data was divided by Group and the groups analyzed separately.
Post hoc ANOVA revealed significant interaction effect of
Emotion × Laterality in the Control group (F(1,10) = 9.19,
p = 0.013, η2G = 0.0006) but not in the OFC lesion group
(F(1,11) = 1.04, p = 0.33, η2G = 0.0003). Further analysis of the
interaction was performed by dividing Control group data by
Laterality and conducting separate post hoc ANOVAs on the
right and left hemispheres, revealing N2P3 amplitude was larger
in context of the emotional distractor over the right hemisphere
(F(1,10) = 8.47, p = 0.016, η2G = 0.0061; Emotional = 7.13 µV ±

3.89 µV vs. Neutral = 6.57 µV ± 3.64 µV; Figure 3). The
valence of the distractor had no significant effect on the
N2P3 amplitude over the left hemisphere in the Control group
(F(1,10) = 2.78, p = 0.13, η2G = 0.0010). There was also an
interaction effect of Group × Emotion × Laterality × Region
(F(2,42) = 3.45, p = 0.041, η2G = 0.0001). In addition to the
aforementioned effects in the Control group, decomposing
this interaction by post hoc ANOVAs revealed an interaction
of Emotion × Region × Laterality in the OFC lesion group
(F(2,22) = 4.14, p = 0.03, η2G = 0.0005). The OFC lesion group

data was divided by Laterality and post hoc ANOVAs performed,
however, no further significance was detected on either
hemisphere.

NoGo-Condition
In the NoGo-condition, analysis of the N2P3 peak-to-peak
amplitude showed Main effect of Emotion (F(1,21) = 8.64,
p = 0.008, η2G = 0.0033) and Main effect of Region (F(2,42) = 37.4,
p < 0.001, η2G = 0.11) but no statistically significant difference
between the groups. Main effect of Emotion indicated that the
N2P3 amplitude in context of the emotional distractor was
larger than N2P3 amplitude in context of the neutral distractor
(Emotional = 9.62 µV ± 4.76 µV vs. Neutral = 9.13 µV ±

4.55 µV). Main effect of region indicated that the size of the
N2P3 amplitude differed significantly between each brain region,
being largest on the frontal region and smallest on the parietal
region (post hoc t-test Frontal vs. Central, p < 0.001, Frontal
vs. Parietal, p < 0.001 and Central vs. Parietal, p < 0.001;
Frontal = 11.0 µV ± 4.83 µV vs. Central = 9.74 µV ± 4.47 µV
vs. Parietal = 7.39 µV ± 3.70 µV). A significant interaction of
Emotion × Region was also observed (F(2,42) = 5.31, p = 0.009,
η2G = 0.0011). Post hoc ANOVAs were performed for each
region separately, revealing larger N2P3 amplitudes in context
of the emotional distractor on frontal and central regions but
not on the parietal region (Frontal region: F(1,22) = 14.78,
p = 0.0009, η2G = 0.0060; Emotional = 11.36 µV ± 4.99 µV vs.
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FIGURE 3 | Greater modulation of late positive potential (LPP) by threat due to
orbitofrontal lesion. Above event-related potential (ERP) waveforms illustrate
N2P3 complex and the following LPP in the Control group (ERP on the left)
and in the OFC lesion group (ERP on the right) in the P3 electrode.
Significantly enhanced and prolonged positivity was detected due to
threat-related emotional distractors in the OFC lesion group but not in the
Control group in the 700–900 ms time window depicted with a rectangle.
Statistical significance is marked with an asterisk. Dashed red line at 300 ms
represents onset of the response cue (i.e., the traffic light). Below topography
of the difference waveform isolating emotional modulation of brain activity
(ERP Emotional—ERP Neutral) for three subsequent 100 ms time windows in
each group. Time range 700–900 ms shows increased left-lateralized positivity
on parietal region in the OFC lesion group (lower row) in contrast to Control
group (upper row). In the Control group the increased positivity to emotion
detected in analysis of the N2P3 peak-to-peak amplitude was more focal,
right-lateralized and limited in time (topography time window 600–700 ms) as
opposed to the OFC lesion group, who exhibited more diffuse, left-lateralized
and prolonged positivity.

Neutral = 10.63 µV ± 4.71 µV. Central region: F(1,22) = 13.27,
p = 0.0014, η2G = 0.0054; Emotional = 10.06 µV ± 4.49 µV vs.
Neutral = 9.42 µV ± 4.49 µV), supporting the observed main
effects.

ERP Difference Waveform Window
Analysis
Go-Condition
In addition to assessing the impact of emotional distractors
on attention-related ERP peaks with peak-to-peak analysis,
we assessed the impact of emotion on selected 100 ms time
windows. We isolated the impact of mere emotional value
with ERP difference waveform (ERP Emotional Go—ERP
Neutral Go) and analyzed the mean amplitude of the difference
waveform within a 700–800 ms time window. This analysis
resulted in no main effects, but an interaction effect of
Group × Laterality × Region (F(2,42) = 3.51, p = 0.039,
η2G = 0.024) was observed. To investigate this interaction
further, the data was divided by Group and groups were
analyzed separately with post hoc ANOVAs. In the OFC

lesion group, post hoc ANOVA revealed Laterality × Region
interaction (F(2,22) = 4.75, p = 0.019, η2G = 0.055). Post hoc
ANOVAs conducted separately for each region showed that
over the parietal region, the mean amplitude of the difference
waveform significantly differed between the two hemispheres
(F(1,11) = 13.15, p = 0.004, η2G = 0.16, Left Parietal = 0.61 µV ±

0.83 µV vs. Right Parietal = −0.019 µV ± 0.67 µV). In
the OFC group emotional stimuli were associated with greater
positivity over the left parietal cortex and the amplitudes in
context of emotional compared to neutral distractors differed
on the left parietal region (Figure 3). In the Control group,
there were no main effects or interactions within this time
window.

ERP difference waveform analysis of the mean amplitude
within time window 800–900 ms resulted in Main effect of
Region (F(2,42) = 3.58, p = 0.037, η2G = 0.036), indicating
emotional modulation of brain activity differed significantly
between the central and parietal regions (post hoc t-test Central
vs. Parietal, p = 0.031; Parietal = 0.33 µV ± 0.68 µV vs.
Central = −0.029 µV ± 0.75 µV). Furthermore, interaction
effect Group × Laterality × Region (F(2,42) = 5.38, p = 0.008,
η2G = 0.019) was observed and the data was divided by Group
and groups analyzed were separately with post hoc ANOVAs.
In the OFC lesion group, Main effect of Region (F(2,22) = 5.42,
p = 0.012, η2G = 0.064) showed that the mean amplitude of the
difference waveform within the analyzed time window differed
significantly on the frontal and parietal regions (post hoc t-
test Frontal vs. Parietal, p = 0.043; Frontal = −0.08 µV ±

0.84 µV vs. Parietal = 0.41 µV ± 0.84 µV) but not on
the other regions (Frontal vs. Central, p = 0.93; Central vs,
Parietal, p = 0.07). Interaction effect Laterality × Region
was also observed (F(2,22) = 5.96, p = 0.009, η2G = 0.030).
Post hoc ANOVAs performed separately for each region
showed that the mean amplitude on the left parietal region
was significantly larger compared to the mean amplitude
on the right parietal region (F(1,11) = 8.71, p = 0.013,
η2G = 0.072; Left Parietal = 0.65 µV ± 0.89 µV vs. Right
Parietal = 0.18 µV ± 0.89 µV). There was also a trend,
under the Bonferroni-adjusted significance criteria, towards a
difference in the mean amplitudes on the right frontal and
left frontal region (F(1,11) = 5.16, p = 0.044, η2G = 0.024; Right
Frontal = 0.05 µV ± 0.80 µV vs. Left Frontal = −0.21 µV ±

0.92 µV). Inspection of the original ERP waveforms showed
prolonged and enhanced LPP over the left parietal region in
OFC group in context of emotional distractors (Figure 3). In
the Control group, no further Main effects or Interactions were
detected.

NoGo-Condition
In NoGo-situation, analysis of the mean amplitude of the
difference waveform reflecting emotional modulation of brain
activity during a response inhibition task (ERP Emotional
NoGo—ERP Neutral NoGo) in 600–700 ms time window
resulted in Main effect of Group (F(1,21) = 4.53, p = 0.045,
η2G = 0.11; OFC = −0.50 µV ± 0.66 µV vs. Control =
0.18 µV ± 0.88 µV), with topography showing pronounced
negativity in the OFC lesion group (Figure 4). As this time
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FIGURE 4 | Increased NoGo N2 amplitude due to threat in orbitofrontal lesion. In Nogo-situation, both groups showed increased N2P3 amplitudes towards the
emotional distractor, especially on the frontal and central cortices. The increase in the N2P3 amplitude in context of emotional distractor (red line) was located around
the N2 peak in the OFC lesion group (upper figure) and around the P3 peak in the Control group (lower figure) as seen in the ERPs. Statistical significance is marked
with an asterisk. Dashed red line at 300 ms represents onset of the stimuli (i.e., the traffic light). Time window analysis of the amplitude differences and separate
N2 peak analysis further supported these findings. As depicted in the amplitude difference topographies there was greater negativity in the OFC lesion group (upper
row) in time window 600–700 ms, corresponding to the N2 peak, whereas the Control group (lower row) exhibited greater positivity in time window 700–800 ms
corresponding to the P3 peak.

window is located close to the N2 peak, more negative
values stand for larger amplitudes. Visual inspection of the
grand average ERP waveforms in the OFC group showed the
N2 amplitude in context of emotion was larger compared
to the N2 amplitude in context of neutral stimuli. Due
to these findings and theoretical interest on OFC’s role in
contributing to emotional modulation of cognitive control, we
decided to conduct an additional analysis of the N2 peak
amplitude in both groups separately where Emotion, Region
and Laterality served as within-subjects factors. In the OFC
lesion group, there was Main effect of Emotion (F(1,11) = 5.46,
p = 0.039, η2G = 0.0040), indicating that the N2 peak in context
of the emotional distractor was larger (i.e., more negative)
compared to the N2 peak in context of the neutral distractor
(Emotional = −1.62 µV ± 3.03 µV vs. Neutral = −1.17 µV ±

3.27 µV). In the Control group, no such effects were detected
(Main effect of Emotion, F (1,10) = 0.17, p = 0.69, η2G = 0.0004;
Figure 4).

Difference waveform in 700–800ms time window also yielded
Main effect of Group (F(1,21) = 5.02, p = 0.036, η2G = 0.11;
Control = 0.50 µV ± 0.72 µV vs. OFC = −0.20 µV ± 0.76 µV),
topography showing pronounced positivity in the Control
group (Figure 4). As this time window mostly corresponds
to area around the P3 peak, more positive values indicate
larger amplitudes. Visual inspection of the grand average ERP
waveforms showed larger P3 peaks in context of emotion
compared to neutral stimuli in the Control group. Due to these
findings and theoretical interest in different roles of the N2 and

the P3 peak in response inhibition, we conducted an additional
analysis of the P3 peak in both groups separately, however, it
yielded no significance related to emotion (Figure 4).

Questionnaires
In the BRIEF-A the groups differed significantly in the amount
of total executive function problems reported, with the OFC
lesion group reporting more problems in the General Executive
Composite score (GEC; OFC = 61.27 ± 13.64 points vs.
Controls = 49.17 ± 9.68 points, p = 0.026). In the index scores
the OFC lesion group reported more problems in Inhibit, Shift,
Initiate, Working Memory and Plan/Organize. Scores, SD and
p-values are presented in Table 3. From the two summary
indices, the groups did not differ in the Behavior Regulatory
Index but the OFC lesion group scored higher in the MI
(OFC = 62.0 ± 12.08 points vs. Controls = 48.58 ± 9.23 points,
p = 0.007). There was no statistically significant difference
between the groups in Emotional Control. BDI showed
no statistically significant differences between the groups
in depressive symptoms. In the RPQ, the groups differed
significantly in how much they reported overall post-concussion
symptoms, with the OFC lesion group reporting more overall
symptoms at the moment (OFC = 16.75 ± 15.14 points vs.
Controls = 2.54 ± 5.52 points, p = 0.005). The OFC lesion
group reported more somatic and cognitive symptoms, but the
difference in emotional symptoms between the groups did not
reach significance. The scores, SD, and p-values are listed in
Table 3.
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TABLE 3 | Results of the questionnaires.

Orbitofrontal Control

Questionnaire Scale Mean SD Mean SD p value

BRIEF—A Global Executive Composite 61.3 13.6 49.2 9.7 0.026∗

Behavioral Regulation Index 58.7 15.3 50.5 9.6 0.240
Metacognition Index 62.0 12.1 48.6 9.2 0.007∗

Inhibit 55.5 10.3 47.7 8.5 0.013∗

Shift 56.4 9.7 48.7 9.1 0.039∗

Emotional Control 58.3 16.8 52.1 9.8 0.639
Self-Monitor 57.6 16.2 49.9 11.9 0.217
Initiate 60.1 11.5 48.8 7.5 0.015∗

Working Memory 65.1 16.5 48.5 10.6 0.005∗

Plan/Organize 59.6 9.7 48.2 8.2 0.007∗

Task-Monitor 63.1 14.1 51.3 8.6 0.075
Organization of Materials 55.7 9.6 48.9 9.3 0.082

RPQ Total at the moment 16.8 15.1 2.5 5.5 0.005∗

Somatic symptoms 7.0 7.75 1.0 2.03 0.007∗

Emotional symptoms 3.5 3.9 0.7 2.3 0.059
Cognitive symptoms 5.0 3.8 0.6 2.0 0.0005∗

BDI 6.7 5.4 2.9 3.4 0.080

Mean scores and standard deviations (SD) for the Behavior Rating Inventory of Executive Functions—Adult version (BRIEF-A), Rivermead Post-Concussion Symptoms
Questionnaire (RPQ) and Beck’s Depression Inventory (BDI) for both groups are presented. The p-values are acquired from between-group comparisons for each category.
Statistical significance is highlighted with bold values and an asterisk.

DISCUSSION

In this study, we found evidence for altered emotional
modulation of attention and cognitive control related brain
responses in patients with OFC injury. In contrast to healthy
subjects, patients with OFC lesion did not initially allocate
additional attentional resources in Go-situation when faced
with threat-related distractors as evidenced by unchanged
N2P3 amplitude. Instead, they showed delayed and prolonged
processing of emotion, seen as enhanced late positivity during
LPP. Furthermore, these patients showed increased early
allocation of cognitive control resources in NoGo-situation
in the context of emotional distractors, reflected in increased
N2 potential. In summary, OFC lesion resulted in altered impact
of task-irrelevant threat-related distractors on task-related
attentional and cognitive control processes. Altered emotional
modulation of ongoing attentional and executive processes, such
as delayed and prolonged impact of emotion and increased
allocation of cognitive control resources when task-related
cognitive control demands and emotion-related cognitive
control demands meet, may underlie some of the challenges
patients with OFC lesion encounter in everyday life.

The role of the OFC in attention remains to be established
even though several of its presumed functions are closely related
to attentional processes. While the OFC is not directly associated
with spatial attention (Kennerley andWallis, 2009), it contributes
to attentional choices by representing reward value, calculating
potential outcomes and in redirecting value information to other
executive control related brain areas (Rolls, 2004; Wallis, 2007),
thus guiding where attention should be directed. The OFC, along
with ACC and temporo-parietal region, has been suggested to be
part of the neural system responsible for monitoring potentially
behaviorally relevant stimuli even outside the focus of attention
(Gruber et al., 2010). In the current study, we found evidence for
altered interplay in this network due to lesion to OFC. Patients

with OFC lesion failed to show the typical impact of emotional
distractors in attention-related ERP components observed in
the Control group on electrodes over the right frontal, central
and parietal regions. While no source analysis was conducted
it is likely that attention-related ERP components modulated by
emotional stimuli at frontal, central and parietal electrodes depict
activity in this aforementioned neural system comprising of OFC,
ACC and temporo-parietal brain regions. Thus, we speculate
that lesion to OFC, a crucial part of this network, consequently
results in altered interplay even in the intact brain regions that are
part of this neural system responsible for monitoring potentially
behaviorally relevant stimuli including emotional stimuli. fMRI
studies have found the OFC to be activated even when processing
random, non-emotional figures which were not in the focus of
attention but relevant for the task (Diekhof et al., 2009) and
activated in a similar manner when processing emotional content
or encountering any salient, behaviorally relevant stimuli with
no affective value (Diekhof et al., 2011). Thus, the OFC links
information about the salience and emotional and motivational
aspects of stimuli to brain areas involved in ongoing tasks
influencing attentional and cognitive processing. A lesion to the
OFC and to neurons connecting it to other regulatory brain areas
may alter the balance in attention allocation to emotional stimuli
as shown in our current and previous studies (Hartikainen et al.,
2012a; Mäki-Marttunen et al., 2017).

We have previously reported that a lesion to the OFC
alters the balance in attention allocation between emotional
and non-emotional targets so that patients with OFC lesion
allocate even more attentional resources to emotional targets
than healthy control subjects (Mäki-Marttunen et al., 2017).
OFC lesion leading to prioritizing targets over distractors to
a greater extent than healthy subjects, has also been reported
in studies using non-emotional targets (Hartikainen et al.,
2012a; Løvstad et al., 2012b). Similarly, in the current study
the OFC group’s attention allocation in the Go-situation was
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prioritized to task-relevant, non-emotional targets and initially
no additional attentional resources were allocated due to threat-
related distractors, unlike in the Control group.We speculate that
after task completion (i.e., motor response), sufficient attentional
resources were released allowing processing of the emotional
distractor.

We further speculate that besides the stronger than normal
bias of attention to targets over distractors, the early emotion-
related activation and late regulation of emotion were impaired
due to OFC lesions, leading to problems in initial attention
allocation to task-irrelevant threat and prolonged duration of it
later. The medial and lateral OFC have been assigned distinct
roles with the lateral OFC linked to suppression or inhibition
of emotional information (Hooker and Knight, 2006) and the
medial OFC linked to identifying and monitoring emotion-
related value (Kringelbach and Rolls, 2004; Hooker and Knight,
2006). Our group of patients included subjects where both lateral
and medial OFC were lesioned. Negative emotion has been
suggested to initiate early and strong activation of the medial
OFC (Northoff et al., 2000). Task-irrelevant but biologically
relevant emotion needs to be attended to swiftly in order to
evaluate whether it requires instant actions that would overrun
the task at hand. Delayed attention to threat may predispose one
to danger and to challenges in everyday situations such as social
interactions where socially relevant emotional cues irrelevant
to current personal goals should be attended to immediately
for good interaction because they include important emotional
content. Successful social and goal-related behaviors, on the
other hand, require ability to suppress emotional reactions when
uncalled for.

As expected, increased N2P3 amplitude towards threatening
emotional distractors was detected in healthy controls in Go-
situation. The enhancement of N2P3 amplitude was observed
especially over the right hemisphere, consistent with right
hemisphere dominance in emotional processing and emotion-
attention interaction (Hartikainen et al., 2000, 2007, 2010a;
Demaree et al., 2005). The right-lateralized emotion-attention
interaction in healthy subjects is supported by negative emotional
stimuli interfering with right hemisphere dependent processes,
such as detection of left visual field targets (Hartikainen et al.,
2000, 2007) and global as opposed to local visual feature
processing (Hartikainen et al., 2010a). Behavioral interference
due to emotional stimuli and task-relevant stimuli competing for
the right-hemispheric processing resources is also reflected in
attention-related ERPs over the right hemisphere (Hartikainen
et al., 2007, 2010a). The right-lateralized enhancement of
N2P3 amplitude in the context of emotional distractors in the
current study is in line with previous studies reporting enhanced
attention to emotion (Schupp et al., 2007; Hajcak andOlvet, 2008;
Carretié, 2014) and novelty in healthy subjects (Daffner et al.,
2000). Moreover, in the current study the Control group showed
no threat-related increase in amplitudes after the P3 potential,
i.e., the LPP, indicating that the effect of task-irrelevant threat on
task processing was successfully regulated (Hajcak et al., 2009).

In contrast to the Control group, patients with lesion to
the OFC did not show increased attention to task-irrelevant
threat at the N2P3 amplitude. Instead, they had increased late

positivity (LPP) in the context of the emotional distractor
which was lateralized to the left parietal region. Increased
LPP has been reported in previous studies where healthy
subjects viewed emotional content (Hajcak et al., 2009). The
LPP is suggested to reflect motivated attention (Ferrari et al.,
2008), emotion regulation during reappraisal tasks (Hajcak and
Nieuwenhuis, 2006) and inhibition of automatic emotional
processing (Diedrich et al., 1997). Successful reappraisal of
emotional content reduces the LPP compared to a situation when
emotion is only attended to (Hajcak andNieuwenhuis, 2006). It is
possible that the OFC lesion group failed in the timely evaluation
of the significance of threat and in subsequent inhibition
or control of attention to emotional distractors, leading to
pronounced LPP. The observed effect of emotion lateralized to
the left parietal region in patients with OFC lesion, as opposed
to typical lateralization to right hemisphere in healthy subjects,
is in line with previous literature showing asymmetrically
enhanced ERP patterns after bilateral orbitofrontal damage
thereby suggesting OFC having distinct modulatory effects of
left and right hemispheres (Hartikainen and Knight, 2003). We
suggest that the observed alterations in time course of emotional
modulation of attention may underlie some of the real-life
challenges patients with OFC lesion encounter with delayed
impact of emotion, potentially having downstream consequences
influencing the impact of emotional events on behavior.

In addition to altered dynamics of emotion-attention
interaction observed in Go-trials, altered dynamics of emotion
and cognitive control was observed in NoGo-trials in the OFC
lesion group. In NoGo-trials, both groups showed increased
N2P3 amplitudes towards the emotional distractor, but further
analysis in time windows 600–700 ms and 700–800 ms and on
separate N2 and P3 peaks revealed differences in the temporal
dynamics of brain responses to threat. Patients with OFC lesion
showed increasedN2 amplitudes in the context of threat, whereas
in Control group threat-related increase in brain potentials was
located at P3. The N2 is suggested to reflect early cognitive
control and conflict monitoring in a NoGo response inhibition
task, whereas the NoGo P3 is suggested to reflect later phases
of response inhibition and cancellation of the planned response
(Groom and Cragg, 2015). Thus, OFC lesion may shift the phase
where threat-related emotional stimuli interact with cognitive
control processes needed for response inhibition from later
P3 to earlier N2. Response inhibition performance, i.e., the
amount of Commission errors, didn’t differ between the groups
and the amount of Commission errors was not influenced
by emotional valence of the distractors. Thus, the changed
emotional modulation of cognitive control did not affect task
performance and furthermore, no objective response inhibition
deficiency was detected.

Based on the results of the NoGo-condition, we suggest
that patients with OFC lesions allocated more cognitive control
in the early phase of the response inhibition task controlling
for the possible distraction generated by threat, thus achieving
similar task performance as healthy subjects. In Control group,
good performance was seen without increased early cognitive
control and the impact of threat was shown in later attention or
response cancellation related P3 potential.We reported increased
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allocation of early cognitive control resources in the context of
task-relevant threat-related stimuli in patients with OFC lesion,
evidenced by increased N2 in NoGo-trials, in our previous study
(Mäki-Marttunen et al., 2017). In that study task performance
was relatively improved in the context of task-relevant threat.
To that end, the current results suggest that task-irrelevant
emotional stimuli may require more intense cognitive control to
maintain task performance when cognitive control demands of
task-irrelevant threat meet with the cognitive control demands
related to the task itself.

While structured and emotionally neutral neuropsychological
testing environments fail to provide objective evidence for
reported subjective challenges in every-day executive functions
in patients with OFC lesion, reported real-life challenges may
well be related to situations where several executive functions
are engaged simultaneously and emotional events meet with
cognitive demands. In real-life situations, emotional information
is always present in social interactions and decision-making,
thus executive functions are rarely performed in an emotionally
neutral environment. In the current study we found both
objective and subjective evidence for mild executive dysfunction
in the OFC group. The OFC lesion group committed more
errors in general and missed responding more frequently in the
Executive RT Test and reported more challenges with executive
functions in the BRIEF-A questionnaire compared to the Control
group.While the errors were not directly related to the emotional
dimension of the distractor we speculate that the impaired
performance observed in patients with OFC lesion may be
partly due to difficulties in balancing attentional and executive
function resources in a task with distracting emotional stimuli.
Furthermore, prolonged processing of emotional distractors
may hinder readiness to attend to the upcoming target on
the following trial, predisposing one to errors. We suggest the
impaired task performance, combined with delayed attention
allocation to threat, reflects disruption of the executive-
emotional control networks due to lesion to the OFC and
the core difficulties lie in balancing attention to task-relevant
non-emotional information vs. task-irrelevant but biologically or
socially relevant emotional information.

There are few limitations to the current study. The small
sample size limits statistical power and predisposes to false
negative findings due to lack of power and false positive findings
by chance due to differences between the groups which are
not related to the brain lesion. Thus, more reliable results
could have been obtained with more participants. However,
it is very difficult to find a large cohort of patients with
small lesions restricted to the OFC and multiple previous
studies have used similar sample size as used in this study
(Paulmann et al., 2010; Funderud et al., 2013; Mäki-Marttunen
et al., 2017). Lesion studies where certain brain functions are
compared in a group of subjects with focal brain lesion to
those with intact brain circuits is a traditional and powerful
method to study brain structure–function relationship and
invaluable information has been obtained with only a few
subjects (Turken and Swick, 1999). Thus, we believe our sample
size is acceptable and provides trustworthy results. In the
current study subject’s lesion sizes varied and patients with

both unilateral and bilateral lesions were included. This may
limit conclusions related to how specific anatomical regions of
the OFC contribute to the findings of this study. Additionally,
some patients had lesions in other frontal regulatory brain
areas which could confound the results. Finally, unequal
distribution of males and females in the OFC lesion group
and the Control group is a potential confounding factor.
However, the reported results are unlikely to be explained
by gender differences and we are not aware of any literature
suggesting such differences in emotion-attention interaction due
to gender.

While there are weaknesses there are also important strengths
to the current study. Most of the current knowledge on the
role of OFC stems from animal studies or human imaging
studies (Kringelbach and Rolls, 2004; Wallis, 2012; Rudebeck
and Murray, 2014). Translating knowledge from animal studies
to humans, especially regarding emotion guided behaviors, has
its limitations related to methodological issues and obvious
differences in brain and behavior between species. fMRI
lacks the temporal resolution of EEG which is needed for
studying millisecond level temporal dynamics of mental events.
Furthermore, fMRI is not well-suited for studying the OFC,
as it is located next to air-filled sinuses predisposing to
susceptibility artifacts i.e., distortions or local fMRI signal change
due to local magnetic field inhomogeneities (Kringelbach and
Rolls, 2004). In addition, OFC activations observed in fMRI
studies do not provide causal information on the role of
OFC in a given task. There are currently only a handful of
electrophysiological studies on patients with focal brain lesion
to OFC which allow for unique insight into the role and neural
dynamics of human OFC. Thus, while access to the number
of subjects with focal OFC lesion is limited, the current study
and other similar studies provide a powerful means to better
understand the role of OFC in human emotion, cognition and
behavior.

CONCLUSION

We detected altered processing of task-irrelevant emotional
distractors in patients with OFC lesion. In Go-situation, the
OFC lesion group did not show early increase in attention
allocation to threat-related distractors whereas a late positivity in
the context of emotional distractors was detected. Control group
showed increased attention to task-irrelevant threat, seen as
increased N2P3 amplitude on the right hemisphere. Performance
of the OFC lesion group was slightly compromised in the
executive function task evidenced by an increased amount of
Total errors and Missed responses. In NoGo-condition, the
OFC lesion group performed equally to the Control group and
they had similarly enhanced N2P3 amplitude in the context of
threatening distractors. However, the time course of emotion-
related enhancement in attention differed between the groups so
that OFC group showed increased N2 potential, i.e., increased
cognitive control, compared to larger P3-potentials in the
Control group. The OFC lesion group reported more cognitive
symptoms and challenges with executive functions than the
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Control group but no impairment in emotional control in
subjective measures.

We conclude that lesion to the OFC alters neural dynamics
underlying attention allocation to task-irrelevant emotion.
We suggest that lesion to the OFC impairs individual’s
ability to balance attention between task-relevant targets
and task-irrelevant distractors and changes the underlying
neural processing by delaying and prolonging processing of
task-irrelevant emotional stimuli. On the other hand, successful
execution of response inhibition may require additional neural
resources at early phases of the cognitive control process,
especially in emotional contexts. The interaction of attentional,
executive function and emotional processing is compromised,
leading to challenges in integrating emotional stimuli into
current goals and actions. Combining tests assessing emotion,
attention and executive function interaction, such as the
Executive RT Test, along with the ability to detect alterations
in dynamics of underlying brain processes with ERPs, may be
beneficial in assessing the changed neural circuits and dynamics
after OFC lesion and in understanding the mechanisms behind
the every-day challenges these patients encounter.
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Kaisa M. Hartikainen1,2*

1 Behavioral Neurology Research Unit, Tampere University Hospital, Tampere, Finland, 2 Faculty of Medicine and Health
Technology, Tampere University, Tampere, Finland, 3 Turku PET Centre, University of Turku, Turku, Finland, 4 Department
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Objective findings of brain injury or dysfunction are typically lacking in mild traumatic
brain injury (MTBI) despite prolonged post-concussion symptoms in some patients.
Thus, there is a need for objective biomarkers of MTBI that reflect altered brain
physiology underlying subjective symptoms. We have previously reported increased
attention to threat-related stimuli in subjects with MTBI, suggesting a physiological
vulnerability to depression. Vulnerability to depression has been linked with relatively
greater activity of the right than left frontal cortex reflected in inverse pattern in frontal
alpha with greater power on the left than right. We investigated whether patients with
previous MTBI show this pattern of frontal activity reflected in more negative frontal alpha
asymmetry (FAA) scores. Furthermore, in search for potential biomarkers of MTBI, we
created a novel index, emotional modulation of FAA (eFAA) and investigated whether it
correlates with subjective symptoms. EEG was recorded while subjects with previous
MTBI and controls performed a computer-based reaction time task integrating different
cognitive executive functions and containing either threat-related or emotionally neutral
visual stimuli. Post-concussion symptoms and depression were assessed using the
Rivermead Post-Concussion Symptoms Questionnaire (RPQ) and Beck’s depression
inventory (BDI). Task-induced FAA was assessed and eFAA calculated by subtracting
FAA in the context of neutral stimuli from FAA in the context of emotional stimuli. The
MTBI group showed FAA scores reflecting relatively greater right-sided frontal activity
compared to healthy controls. eFAA differentiated the symptomatic MTBI from non-
symptomatic MTBI group and from healthy controls. eFAA also correlated with RPQ and
BDI scores. In conclusion, FAA pattern previously linked with vulnerability to depression,
was observed in patients with previous MTBI. Furthermore, eFAA has potential as a
biomarker of altered affective brain functions in MTBI.

Keywords: mild traumatic brain injury (MTBI), frontal alpha asymmetry (FAA), emotion, threat, EEG, depression,
post-concussion symptoms, biomarker
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INTRODUCTION

Mild traumatic brain injury (MTBI) is a common neurological
injury with a worldwide incidence ranging from 100 to more
than 600 per 100 000 people (Cassidy et al., 2004). While
MTBI is usually associated with full recovery within 1 - 3
months (Belanger et al., 2005; McCrea et al., 2009), there is
an estimated 10-20% minority who suffer from prolonged post-
concussion symptoms (Ruff, 2005). Prolonged post-concussion
symptoms include a variety of cognitive and emotional symptoms
such as problems with concentration and memory, irritability,
increased reactivity to emotional events, anxiety and depression.
Despite several subjective symptoms that may significantly
impair an individual’s daily functioning and quality of life,
objective findings of brain injury or dysfunction are typically
lacking, thus impeding access to appropriate rehabilitation and
benefits. To that end, there is a need for objective biomarkers
that reflect altered brain physiology underlying subjective
symptoms after MTBI.

Prolonged post-concussion symptoms most likely reflect a
multifactorial etiology (Ruff, 2005; Silverberg and Iverson, 2011),
with psychosocial factors frequently emphasized in adverse
outcomes. However, while biological processes are sometimes
downplayed in the outcome of MTBI, they likely play an
important role in recovery as well. Previous studies report
changes in brain structure and function after MTBI, such as
altered white matter integrity (Arfanakis et al., 2002; Kraus et al.,
2007; Hartikainen et al., 2010b), connectivity (Lipton et al., 2009;
Dean et al., 2015), cerebral perfusion (Barlow et al., 2017) and
brain metabolism (Dean et al., 2015). There are also cellular
level microscopic changes after MTBI that escape current clinical
imaging techniques and are only visible in post-mortem studies.
Post-mortem analysis of brains of four subjects dying within four
months of acquiring MTBI showed multiple cell-level pathologies
such as astrocytosis, axonal damage, perivascular injury and tau-
protein accumulation (Tagge et al., 2018). At the level of higher
brain functions, alterations in emotion-attention interaction
(Mäki-Marttunen et al., 2015), working memory (Gosselin et al.,
2011, 2012) and executive functions (Hartikainen et al., 2010b)
have been reported after MTBI.

Electroencephalography (EEG) allows for investigating fine
alterations in brain physiology underlying altered mental
functions. Its millisecond temporal resolution corresponds to
the timescale of rapid mental events. Event-related potentials
(ERP) derived from EEG segments time-locked to specific
cognitive processes and tasks allow investigation of cognitive
and affective brain processes and their alterations due to
neuromodulation, focal brain injury or MTBI (Hartikainen et al.,
2012a; Mäki-Marttunen et al., 2015, 2017; Sun et al., 2015;
Kuusinen et al., 2018). In addition to ERPs, different EEG
frequency bands during cognitive or affective tasks may reflect
alterations in thalamo-cortical activity due to neuromodulation
(Sun et al., 2017a,b) or as a result of a brain disorder or head
injury such as MTBI.

Frontal alpha asymmetry (FAA), i.e. asymmetry of alpha
power between the left and right frontal region, has been linked
with emotional processing (Davidson et al., 1990), emotional

control (Sun et al., 2017a; Wang et al., 2018) and vulnerability
to depression (Gotlib et al., 1998). However, in a recent review
resting-state FAA was found to have a limited diagnostic value
in depression partly due to the high degree of heterogeneity
across studies (van der Vinne et al., 2017). Nevertheless, task-
evoked FAA has been shown to reflect alterations in functioning
of a key node of the limbic circuit, the anterior nucleus of
the thalamus (ANT) (Sun et al., 2017a). Consequently, task-
evoked FAA was suggested as a potential biomarker for the
impact of neuromodulation on affective brain circuits (Sun et al.,
2017a). FAA was also shown to be modulated by threat-related
emotional stimuli and this emotional modulation was correlated
with emotional modulation of reaction times (Sun et al., 2017a,b).

As alpha frequency is linked with idle or inhibited cortex
(Klimesch et al., 2007; Händel et al., 2011), alpha power is
thought to have an inverse relationship with cortical activity,
with greater alpha power corresponding to less activity and
vice versa. Therefore, relatively increased alpha power on the
left frontal region in comparison to the right frontal region
reflects decreased cortical activity on the left or increased
activity on the right frontal region, or both (Coan and Allen,
2004). As FAA is a subtraction score where alpha power on
the left is subtracted from alpha power on the right, lower
or more negative score reflects relatively increased cortical
activity on the right frontal region and/or relatively decreased
cortical activity on the left frontal region. Lower or negative
FAA values indicating relatively greater right frontal activity
or left frontal hypoactivity have been associated with both
current and previous episodes of depression (Henriques and
Davidson, 1991; Gotlib et al., 1998; Thibodeau et al., 2006) as
well as cognitive vulnerability to depression in never-depressed
individuals (Nusslock et al., 2011). Cognitive vulnerability to
depression along with left frontal hypoactivity on the other
hand predicts future development of depression (Nusslock et al.,
2011). As well as being linked to a predisposition to depressive
behaviors or symptoms (Henriques and Davidson, 1991) FAA
has been suggested as an objective marker of depression or
vulnerability to it.

In addition to hemispheric lateralization of emotion, where
the right hemisphere is thought to be predominant in emotion
(Gainotti, 2019), especially negative emotion, and the left
involved in positive emotion, there is hemispheric asymmetry
in approach and withdrawal behaviors (Davidson, 1998). The
left hemisphere is thought to be involved in approach behaviors
while the right hemisphere involved in withdrawal behaviors. The
approach-withdrawal model has been used as another theoretical
framework for frontal alpha asymmetry, with asymmetry
thought to reflect behavioral responses to emotionally valenced
events (Coan and Allen, 2003; Harmon-Jones et al., 2010).
Negative emotion and withdrawal behaviors are characteristic
of depression and both are thought to lateralize to right
hemisphere. Individuals who suffer from depression tend to
withdraw from situations and stimuli, especially unpleasant
ones (Davidson, 1998; Jesulola et al., 2015), whereas euthymic
individuals express more approach-related behaviors (Davidson,
1998). Withdrawal-related behaviors and negative emotions
are associated with increased activity in the right frontal
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region, while approach-related behaviors and positive emotions
are linked with greater activity in the left frontal region
with lower values and higher values of FAA correspondingly
(Demaree et al., 2005).

We have previously used event-related potentials to detect
brain injury–related changes in neural circuitries and dynamics
(Kuusinen et al., 2018) and alterations in emotion-attention
interaction due to MTBI (Mäki-Marttunen et al., 2015). In
our study (Mäki-Marttunen et al., 2015), patients with MTBI
allocated increased attentional resources to emotional stimuli
as reflected in larger N2-P3 ERP peak-to-peak amplitude
in the context of threat-related emotional stimuli compared
to emotionally neutral stimuli. We hypothesized this excess
attention allocation to threat might reflect impaired top-down
control mechanisms that normally limit the impact of emotional
stimuli on ongoing tasks. Excessive attention allocation to
negative stimuli may eventually predispose individuals to
emotional symptoms like depression. This effect, the so-called
“negativity bias”, is seen especially in patients with depression
whose attention is biased towards negatively-valenced stimuli
(Gotlib et al., 2004), i.e. they may allocate more attentional
resources to negative emotional stimuli for a prolonged period
of time with difficulty in disengaging attention away from
negative information (Gotlib and Joormann, 2010; Keller et al.,
2019). Furthermore, depression is linked with impaired ability
to control the impact of negative stimuli (Joormann, 2010) as
well as problems with higher-level processing of emotion such as
memory and interpretation (Foland-Ross and Gotlib, 2012).

Frontal alpha asymmetry has been used to study healthy
populations and patients diagnosed with mood disorders, but
it has not been frequently used to study neurological or
neurosurgical patient populations like patients with MTBI who
also exhibit alterations in affective brain processes, mood-related
symptoms and vulnerability to depression. Our group has studied
FAA in patients with refractory epilepsy treated with deep
brain stimulation (DBS) (Sun et al., 2017a) and vagus nerve
stimulation (VNS) (Sun et al., 2017b). These studies suggested
that FAA could be used as a biomarker for alterations in
functioning of affective brain circuits due to neuromodulation
(Sun et al., 2017a,b). Turning on and off the anterior nucleus
of the thalamus, a key node in the limbic circuitry, with high
frequency electrical stimulation had a significant impact on FAA
suggesting FAA reflects the functioning of limbic circuits and
thus could be used as a biomarker not only for the impact of
neuromodulation but also for the impact of brain disorder or
injury on affective processes.

FAA seems to be a promising tool for objective assessment
of alterations in affective brain functions due to MTBI possibly
linked with emotion-related post-concussion complaints. It has
been suggested that problems arising after brain trauma are
associated with injury to connections between frontal and
subcortical brain structures (McDonald et al., 2002; Hartikainen
et al., 2010b; McAllister, 2011). Thus, it seems feasible that subtle
damage to frontal-subcortical connections could influence FAA
and expose individuals to depressive symptoms and behaviors.
To expand our previous knowledge concerning alterations in
emotion-attention interaction in patients with traumatic brain

injury from ERP studies (Mäki-Marttunen et al., 2015, 2017;
Kuusinen et al., 2018), we investigated whether there are
alterations in FAA after MTBI. According to our knowledge,
only one study by Moore and colleagues (Moore et al., 2016)
has studied FAA in MTBI patients. They reported resting-state
frontal alpha asymmetry indicative of greater activity in the
right frontal region in patients with sports-related MTBI, albeit
in completely symptom-free states at the time of testing (more
than 9 months from the injury). Moreover, FAA correlated with
self-reports of depressive/anxious symptoms, suggesting that
alterations in FAA may reflect altered brain circuits associated
with affective processes due to brain injury (Moore et al., 2016).

Alterations in the brain’s affective processes are most likely
better reflected in FAA when measured during an emotionally
engaging task (Coan et al., 2006; Allen and Reznik, 2015; Sun
et al., 2017a,b). It is likely that for detecting alterations in
affective circuits and functions they need to be engaged. Task-
based recordings on the other hand require cognitive control and
reduce mind wandering in contrast to resting-state recordings.
In the current study, we used a behavioral task engaging several
executive functions along with presentation of threat-related
emotional stimuli. Threat-related emotional stimuli compete for
the same attentional and cognitive control resources as the task
and task-related stimuli. We compared FAA measures of healthy
control subjects and subjects with previous MTBI. FAA was
measured during a task which is reported to be more reliable than
resting-state FAA measures in detecting differences in FAA on
both individual- and group levels (Coan et al., 2006; Stewart et al.,
2011, 2014).

We divided the MTBI group into two subgroups, those still
reporting post-concussion symptoms and those being completely
symptom free at the time of testing. We also created a novel
emotional FAA index (eFAA) where FAA in the context of neutral
stimuli was subtracted from that in the context of threat-related
emotional stimuli, to isolate the sole impact of emotion on FAA.
Our aim was to assess whether eFAA could serve as a biomarker
to differentiate between symptomatic and non-symptomatic
MTBI patients. Correlation analyses were conducted for eFAA
and self-reports of depression and post-concussion symptoms.
To our knowledge, this is the first study to assess task-related
FAA and, specifically, the novel eFAA index in subjects with
previous MTBI and whether it reflects the presence of post-
concussion symptoms.

We hypothesized that patients with previous MTBI would
have lower FAA values than healthy controls indicating relatively
less alpha power on the right than left frontal region i.e.
relatively greater right than left frontal cortical activity during
the task in MTBI group. We also hypothesized that this
effect would be pronounced in symptomatic MTBI patients
differentiating them from non-symptomatic MTBI patients
and that the eFAA index could be used as a biomarker to
distinguish between symptomatic and non-symptomatic MTBI
patients. We further hypothesized that removing depressed
subjects from the analysis would reduce, but not remove,
between-group differences. We postulated that eFAA would
correlate with the amount of reported depressive symptoms and
post-concussion symptoms.
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MATERIALS AND METHODS

Subjects
We studied 27 patients with previously acquired mild traumatic
brain injury [15 males, 12 females, mean age 41.1 years
(SD = 11.1 years, range 21-59 years), average time from injury
to EEG recording 20.4 months (SD = 6.9 months, range 9-
37 months), mean years of education 16.1 years]. Mild traumatic
brain injury was classified according to the World Health
Organization criteria for MTBI (Carroll et al., 2004). According
to these criteria there is a biomechanical force to the head
resulting in confusion, alteration of mental status, post-traumatic
amnesia (PTA) or loss of consciousness (LOC) with PTA less
than 24-h and LOC less than 30 min. Additionally, 30 min
after the injury the Glasgow Coma Scale (GCS) should be at
least 13. These patients were admitted to Tampere University
Hospital emergency room between January 2010 and May 2012.
Our control group consisted of 18 participants with no head
injury who had been admitted to Tampere University Hospital
emergency room due to an orthopedic injury, specifically ankle
injury with no head injury [7 males, 11 females, mean age
40.7 years (SD = 12.1 years, range 23-60 years), mean years of
education 15.9 years]. Event-related potential and behavioral data
have been reported in our previous work showing that MTBI
group allocated more attention to threat-related stimuli than the
control group (Mäki-Marttunen et al., 2015).

Based on Rivermead Post Concussion Symptoms
Questionnaire (RPQ) (King et al., 1995) the MTBI group
was divided into those reporting any post-concussion symptoms
(MTBI Symptomatic, n = 15) and those reporting no post-
concussion symptoms (MTBI Non-symptomatic, n = 12) at the
time of testing. Exclusion criteria for both groups were substance
abuse and neurological or psychiatric conditions diagnosed
prior to the injury, previous MTBI in orthopedic patients and
history of more than one MTBI in the MTBI group, previous
neurosurgical procedures and markedly impaired vision/hearing.
A written informed consent was provided by all participants and
the study followed Declaration of Helsinki guidelines for use of
human subjects. The Ethical Committee of Tampere University
Hospital provided their approval for the study.

The Executive Reaction Time Test
The Executive Reaction Time test (The Executive RT test)
is a computer-based Go/NoGo test integrating assessment of
different executive functions and impact of threat-related stimuli
on cognitive performance and brain responses (Erkkilä et al.,
2018; Hartikainen et al., 2010b). In this study a slightly
modified version of the Executive RT test was used, where the
threat-related stimuli were not only task-irrelevant distractors
but also task-relevant stimuli depending on the rule for
responding (Mäki-Marttunen et al., 2015). Task performance
and dealing with potential threat are thought to compete for
the same attentional and cognitive control resources and this
resource competition and the extent of it is reflected in both
electrophysiological data and performance (Kuusinen et al.,
2018; Mäki-Marttunen et al., 2015). The test requires the
engagement of different executive functions (working memory,

selective attention, response inhibition, shifting and emotional
control) and has previously been shown to detect mild executive
dysfunction in MTBI patients with post-concussion symptoms
(Hartikainen et al., 2010b). A schematic picture of the Executive
RT test and task description are presented in Figure 1.

Each block of the task consisted of 64 trials and the same
response rule continued throughout the whole block. When
subjects completed one block of trials the response rule changed.
Altogether, 16 blocks were completed in the study, resulting in
each response rule repeated four times. All in all, participants
had to hold the orientation of the triangle and the current
response rule in their working memory. They had to flexibly shift
between changing task rules, maintain their attention at task-
relevant stimuli and ignore task-irrelevant stimuli, react to the Go
response cue and withhold their response when seeing the NoGo
cue according to the current rule.

EEG Recording and Processing
We used 64 Ag/AgCl active electrodes and the QuickAmp
Amplifier (Gilching, Germany) to record EEG. Impedance was
kept below 5 kOhms and the sampling rate used was 500 Hz. After
recording, EEG analysis was performed offline using BrainVision
Analyzer 2 software (Brain Products, GmbH, Germany). To
improve processing speed, sampling rate of the data was
reduced to 250 Hz. Data was first filtered to 0.01–70 Hz and
ocular movements removed with semi-automatic independent
component analysis–based ocular correction algorithm. Data was
then re-referenced to the Cz electrode and further filtered to 0.1-
30 Hz using bandpass filters. Data was segmented according to
the emotional stimuli presented (emotional, neutral), relevance
of the emotional stimuli to the task (relevant, irrelevant) and
Go- vs. NoGo condition. Segments created were two seconds
long starting at the presentation of the triangle at 0 ms and
baseline corrected to the first 200 ms of the segment. Another
artifact removal was conducted excluding amplitudes larger than
80 µV and smaller than −80 µV. Alpha power (µV2/Hz) for the
segments was calculated using the Fast Fourier Transformation
and thereafter averaged for each subject, electrode and condition.
Thus, task-induced eyes-open alpha power was obtained during
the active task for each different trial condition.

Alpha power in the defined alpha frequency of 8-12 Hz was
exported for statistical analysis as area under the curve. We used
the F3 and F4 electrodes for calculating FAA: first, alpha power
in these electrodes was log-transformed and then the values in F3
were subtracted from values in F4 (FAA = ln(F4) – ln(F3)).

Questionnaires
To assess post-concussive, depressive and executive function-
related symptoms, questionnaire data was acquired from both
the MTBI and the Control groups. The RPQ (King et al., 1995)
is a self-report questionnaire listing common post-concussion
related symptoms. Results of this questionnaire were used to
define whether participants were symptomatic or not at the time
of testing and symptom scores were also used in correlation
analysis. We also separated symptoms listed in the questionnaire
that were associated with alterations in emotional processing
(irritability, depression or tendency to cry, lack of patience,
restlessness) creating a separate category “RPQ Emotional” and
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FIGURE 1 | The Executive RT Test (Hartikainen et al., 2010b). Participants were seated in front of a computer screen at one meter in a sound-attenuated room.
Subjects were required to respond as fast and accurately as possible to the orientation of a triangle using their middle or index finger in a Go-trial indicating the
triangle was pointing up or it was pointing down, respectively. In a NoGo-trial, subjects were supposed to withhold from responding. A trial started with an upright or
inverted white triangle presented in the middle of the screen for 150 ms. After the onset of the triangle, a fixation dot appeared for 150 ms. This was followed by a
black square with a colored circle and an emotional figure inside it. The colored circle and the emotional figure were response cues. There were two possible
response sets: the participants were either asked to pay attention to the color (red or green) and ignore the emotional figures (flower or spider) as task-irrelevant
distractors or pay attention to the emotional figures and ignore the colors. The stimuli (color or emotional figure) attended to indicated the rule for responding, e.g.,
when color was attended to the red-color indicated a Go-trial and the green-color a Nogo-trial or vice versa. When the emotional figure was attended to the spider
figure indicated a Go-trial and the flower a Nogo-trial or vice versa. In case of a Go-trial, participants indicated the orientation of the previously presented triangle by
pressing a button on a response pad. The emotional stimuli were black-line drawings of a spider (threat-related emotional stimulus) and a flower (emotionally neutral
stimulus) constructed the exact same line elements as the spider but in a different configuration. This allowed control for the impact of low-level properties of visual
stimuli, like color, contrast, and complexity.

used the scores in this category in correlation analysis. Both
MTBI and control groups also completed Becks Depression
Inventory (Beck et al., 1996) (BDI) to assess whether they
experienced depressive symptoms.

Behavior Rating Inventory for Executive Functions – Adult
version (BRIEF-A) questionnaire is a standardized measure of
executive functions and self-regulation in daily life based on self-
report (Roth et al., 2005). There are different categories in the
BRIEF-A questionnaire that reflect different aspects of executive
functions. In this study only the Global Executive Composite
(GEC), i.e. the total score of the questionnaire and the Emotional
Control category assessing challenges in emotional control were
used for further analysis.

Statistical Analysis
Statistical analysis was conducted with R version 3.6.1 (R Core
Team, 2015). Normal distribution of the data was assessed
with histograms and Q-Q plots and checking for normality
of the residuals (for data analyzed with ANOVA). FAA data
was strongly skewed. Applying the natural logarithm when
calculating FAA (see above) reduced this to some extent, however,
not totally correcting for left-skewed distribution of the data.
Finally, data was normalized removing two outliers that clearly

created the left skew in the data based on average FAA values
of the groups. Outliers were defined as ± 2.5 x SD + the mean.
In the current data outlier values were ± 2.5 x 0.41 −0.14, i.e.
below −1.165 and above 0.885. One subject from the MTBI
group and one from the Control group were left out from the
analysis, leaving 26 patients and 17 control subjects in the final
sample. Equal variances were confirmed with Levene’s test using
package car (Fox and Weisberg, 2019). Psych (Revelle, 2019) and
ggplot2 (Wickham, 2016) packages were used for describing and
visualizing the data.

FAA data was analyzed using mixed model ANOVA
(repeated and between group measures) with the R ez package
(Lawrence, 2016). We used Group (MTBI, Control) as a
between-subjects factor and Emotion (Emotional, Neutral)
and Relevance (Relevant, Irrelevant) as within-subjects factors.
Significant interactions were further analyzed with post-hoc
ANOVAs or independent-sample t-tests. We used the Holm
correction for multiple comparisons. As the FAA data based
on analysis of the residuals was still not completely normal
after transformations and outlier removal, we confirmed the
significant results with non-parametric tests on the original data
(with the outliers not excluded) using Wilcoxon Rank Sum test
and Kruskal-Wallis test. Similar analysis of variance on the FAA
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data was also run to compare alpha asymmetry between three
groups. In this analysis Group factor had three levels (MTBI
Symptomatic, MTBI Non-symptomatic, Control) instead of two
(MTBI, Control).

We also did an analysis where we excluded patients who
reported depressive symptoms in the BDI questionnaire (10 or
more points in the BDI corresponding mild clinical depression),
as depression could affect the results of alpha asymmetry
analysis. There were 4 subjects in the MTBI group and 1 in the
Control group with 10 or more points, thus they were removed
from this analysis.

To see whether alpha asymmetry in the context of threatening
stimuli could serve as a biomarker distinguishing between
symptomatic and non-symptomatic MTBI patients and healthy
controls, we created a novel emotional FAA index (eFAA). This
was done by calculating a subtraction score that isolated the sole
impact of threat on FAA by removing FAA value in context of
emotionally neutral stimuli from FAA value in context of threat-
related emotional stimuli. This subtraction score was calculated
for each patient, and it was used to run another ANOVA with
Group (MTBI Symptomatic, MTBI Non-symptomatic, Control)
as a between-subjects factor and Relevance (Relevant, Irrelevant)
as a within-subjects factor. One subject from the control group
was removed from this analysis as an outlier based on above
described criteria.

To evaluate whether self-reports of depressive symptoms and
post-concussion symptoms are associated with the novel index
reflecting emotional modulation of FAA (eFAA), we correlated
eFAA with the selected summary questionnaire scores (BDI,
RPQ, RPQ Emotional, BRIEF GEC, BRIEF Emotional Control).
In addition, we correlated eFAA with age, time post-injury (from
injury to the EEG recording) and PTA to assess the influence
of age and head injury related factors. While all of the subjects
were classified as mild TBI, PTA is a clinical measure thought
to reflect the severity of the injury at the acute phase. Analysis
was conducted for all three groups (MTBI Symptomatic, MTBI
Non-symptomatic, Controls) together, except for correlation
between eFAA and time-post injury and PTA, as this data
was only available for the MTBI group. As the questionnaire
data was strongly skewed, we used Spearman’s correlation.
One subject in eFAA-BDI correlation and one in eFAA-PTA
correlation were removed as outliers. Other analysis of the
questionnaire data is reported more thoroughly in our previous
work (Mäki-Marttunen et al., 2015).

RESULTS

Frontal Alpha Asymmetry (FAA)
When MTBI and Control groups were compared, the MTBI
group showed more negative FAA scores than the Control group,
indicative of relatively less alpha power on the right than left
frontal region in MTBI (Figure 2) reflecting greater right than
left frontal cortical activity (Main effect of Group, F(1, 41) = 6.36,
p = 0.016, η2

G = 0.13; MTBI vs. Controls, −0.17 ± 0.32 vs.
0.06 ± 0.25), see Figure 2 and Table 1. This difference in
FAA remained significant after removing subjects reporting more

than 10 points in the BDI questionnaire (MTBI = 4 subjects,
Control = 1 subject, Main effect of Group, F(1, 36) = 4.78,
p = 0.035, η2

G = 0.11; MTBI vs. Controls, −0.12 ± 0.28 vs.
0.07 ± 0.25). No other significant main effects or interactions
were detected when analyzing data between two groups.

When the MTBI group was divided into Symptomatic and
Non-symptomatic groups and the analysis was conducted as
a three-group comparison (MTBI Symptomatic, MTBI Non-
symptomatic, Control), Main effect of Group was detected
(F(2, 40) = 3.26, p = 0.049, η2

G = 0.14), however, post-
hoc analysis remained nonsignificant. Difference between Non-
symptomatic MTBI group and Controls was approaching
significance (p = 0.07). Non-symptomatic and Symptomatic
MTBI did not differ (p = 0.61). An interaction effect of Group
× Emotion was also detected (F(2, 40) = 4.46, p = 0.018,
η2

G = 0.0007). Data was divided by Emotion and groups were
compared in Neutral and Emotional conditions. In Neutral
condition, Main effect of Group reached significance (F(2,
40) = 3.41, p = 0.043, η2

G = 0.15) but post-hoc test did not
result in significant results. In the Emotional condition, Main
effect of Group was close to reaching significance (F(2, 40) = 3.12,
p = 0.055, η2

G = 0.13).

FIGURE 2 | A topographic plot illustrating the average alpha power (µV2/Hz)
for the MTBI group (on the left) and the Control group (on the right) in the
frontal electrodes. The MTBI group had relatively more negative FAA
(lnF4-lnF3) than the Control group, i.e., relatively less alpha power on the right
(F4) than left frontal (F3) electrodes. This is thought to indicate greater cortical
activity on the right compared to the left frontal region.
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TABLE 1 | Average FAA, eFAA and alpha power (µV2/Hz) at F3 and F4 electrodes, the corresponding logarithms (ln) and standard deviation (SD) for each group and
condition (neutral, threat). FAA differentiated MTBI group from the Control Group while eFAA differentiated the Symptomatic MTBI group from both the Non-symptomatic
MTBI group and the Control Group. Non-Symp = Non-symptomatic MTBI group, Symp = Symptomatic MTBI group.

Group FAA SD

Control 0.058 0.252

MTBI −0.172 0.318

Group eFAA SD Emotion F4 SD F3 SD ln(F4) SD ln(F3) SD FAA SD

Control 0.003 0.032 Neutral 5.004 9.588 5.225 10.630 0.788 1.120 0.732 1.195 0.057 0.251

Threat 5.000 9.399 5.232 10.525 0.798 1.121 0.738 1.200 0.060 0.255

Non-Symp 0.021 0.034 Neutral 4.749 4.200 5.773 4.886 1.180 0.906 1.395 0.872 -0.215 0.336

Threat 4.813 4.320 5.760 4.971 1.189 0.915 1.383 0.885 -0.194 0.355

Symp −0.019 0.036 Neutral 2.435 2.421 3.026 3.486 0.549 0.777 0.684 0.845 -0.135 0.291

Threat 2.467 2.503 3.088 3.524 0.545 0.799 0.699 0.860 -0.154 0.299

Emotional Modulation of Frontal Alpha
Asymmetry (eFAA Index)
To be able to extract the sole impact of threat-related stimulus
on FAA and to assess whether alpha asymmetry in the context
of threat has potential as an objective biomarker of brain
dysfunction reflecting post-concussion symptoms, we conducted
an additional ANOVA using the eFAA index, where FAA in
context of emotionally neutral stimuli was subtracted from FAA
in context of threat-related stimuli. There was a Main effect
of Group (F(2, 39) = 5.69, p = 0.007, η2

G = 0.23) and when
groups were compared, eFAA in the Symptomatic MTBI group
differed significantly from both eFAA in the Non-Symptomatic
MTBI group (t = 2.87, df = 23.717, p = 0.009; Symptomatic
vs. Non-symptomatic −0.019 ± 0.04 vs. 0.02 ± 0.03) and the
Control group (t = 2.46, df = 21.562, p = 0.022; Control Group
0.003 ± 0.03), see Figure 3 and Table 1. No other significant
main effects or interactions were detected. Post-hoc p-values were
corrected for multiple comparison using the Holm method.

Questionnaires and Correlation Analysis
To investigate whether the novel index eFAA correlates with self-
reports of depressive symptoms, post-concussion symptoms and
executive function problems as well as brain injury related factors,
we ran a Spearman’s correlation analysis of the data. All three
groups were included in the analysis (MTBI Symptomatic, MTBI
Non-symptomatic, Control) except for the correlation for eFAA
and time post-injury and PTA, as this data was only available
for the MTBI group.

There was a significant negative correlation between eFAA
index and BDI results (ρ = −0.52, p < 0.001), showing that
subjects with higher score in BDI questionnaire had more
negative eFAA index, see Figure 4. More negative eFAA index
reflects smaller FAA in context of threat-related stimuli than
neutral stimuli. There was also a significant negative correlation
between eFAA index and currently reported post-concussion
symptoms (RPQ) (ρ = −0.34, p = 0.025), with subjects reporting
more post-concussion symptoms having more negative eFAA
index. There was a tendency for negative correlation between

emotional control category in the BRIEF-A questionnaire and
eFAA index (ρ = −0.26, p = 0.089). There was also a positive
correlation between eFAA and PTA, showing that MTBI patients
with longer PTA had more positive eFAA index (ρ = 0.41,
p = 0.044). BRIEF general score, emotion-related post-concussion
symptoms, age and time post-injury did not significantly
correlate with eFAA index.

FIGURE 3 | Novel eFAA index differentiates MTBI subjects with symptoms
from those without. eFAA, a subtraction score isolating the impact of threat on
FAA differed significantly between Symptomatic MTBI and Non-symptomatic
MTBI groups and between Symptomatic MTBI group and healthy controls.
Symptomatic MTBI group had more negative eFAA index compared to
Non-symptomatic MTBI group and healthy controls, indicating altered
modulation of FAA by threat in symptomatic MTBI group.

Frontiers in Human Neuroscience | www.frontiersin.org 7 July 2021 | Volume 15 | Article 699947

https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles


Kuusinen et al. Frontal Alpha Asymmetry in MTBI

FIGURE 4 | Objective eFAA index correlates with subjective depression
symptoms. There was a significant negative correlation between BDI score
and eFAA (threat modulation of FAA). When BDI score was higher, eFAA was
more negative. All three groups (MTBI Symptomatic, MTBI Non-symptomatic,
Control) are included in the analysis and in the scatter plot.

DISCUSSION

According to our hypothesis, we detected more negative FAA
indicative of greater right frontal activity in the MTBI group
compared to the control group. Subjects with previous MTBI
had FAA pattern typically seen in individuals vulnerable to
depression (Henriques and Davidson, 1991; Gotlib et al., 1998;
Thibodeau et al., 2006; Nusslock et al., 2011). While the overall
FAA did not distinguish symptomatic and non-symptomatic
MTBI groups, the novel index eFAA did. eFAA reflects
modulation of FAA by threat, with the emotionally neutral
but otherwise identical condition subtracted, thus isolating the
sole impact of threat on FAA. eFAA correlated negatively
with both current post-concussion symptoms and BDI scores,
linking this objectively derived brain physiology-based index
with subjectively experienced symptoms. eFAA showed potential
as an objective biomarker of brain dysfunction reflecting post-
concussion symptoms as well as depression symptoms. In
addition to providing a biomarker for the impact of brain
injury on affective brain functions, eFAA suggests an organic
basis for the subjectively experienced symptoms. eFAA may be
used in future studies to further illuminate neural mechanisms
underlying susceptibility to prolonged post-concussion as well as
mood-related symptoms after MTBI. FAA without engagement
of affective brain circuits seems to lack the sensitivity to
differentiate subjects with symptomatic and non-symptomatic
MTBI and the ability to reflect the subjective post-concussion or
depression symptoms.

To detect alterations in affective circuits responsible for
emotion-related behaviors, symptoms and their control, it may

be essential to assess brain functions in the context of fear-
related stimuli such as the biologically relevant threat-related
spider stimuli used in the current study. Threat-related stimuli
have prioritized access to attention networks (Vuilleumier
and Schwartz, 2001) and tend to compete for attentional
and cognitive control resources with other task-related stimuli
and processes (Hartikainen et al., 2000, 2007, 2010a, 2012b).
Alterations in the brain’s affective functions may remain
uncovered when brain physiology is measured in emotionally
neutral conditions such as is the case in most studies using
resting state or task-induced FAA. The difference in FAA between
symptomatic and non-symptomatic patients was detected only
with the novel index that isolated the impact of threat-related
stimuli on FAA, suggesting there might be differences in fear-
related emotional processing between subjects that have fully
recovered from MTBI and subjects who remain having some
post-concussion symptoms. While the MTBI group in general
differed from the control group in the overall FAA, the eFAA
differentiated MTBI subjects with symptoms from those without
symptoms. To our knowledge, no previous study has used task-
induced, threat-related FAA to differentiate non-symptomatic
and symptomatic MTBI groups. In addition to controlling for the
impact of physical properties of the visual stimuli, the novel eFAA
index controls for the individual variations in baseline FAA.

Subjects reporting more post-concussion symptoms and
subjects with higher BDI-score at the time of testing had a
more negative eFAA index. eFAA was negatively correlated with
self-reported scores assessed by the BDI questionnaire and the
current amount of reported post-concussion symptoms assessed
by the RPQ. The BDI is used for screening of depression while
the RPQ (King et al., 1995) screens for cognitive, emotional
and somatic post-concussion symptoms, with higher score in
the BDI reflecting more depression symptoms or more severe
depression and more post-concussion symptoms in the RPQ,
respectively. While a subcategory of emotion-related post-
concussion symptoms did not correlate with eFAA there was
a slight tendency for negative correlation between emotional
control category in the BRIEF-A questionnaire and eFAA index.

Depressive symptoms are thought to be associated with
post-concussion symptoms (Yrondi et al., 2017) and risk of
major depression after MTBI is almost two times higher
compared to risk after non-head orthopedic trauma (Stein
et al., 2019). While post-concussion symptoms are sometimes
seen in non-head trauma populations as well, the symptom
pattern differs from that of MTBI, which correlates highly
with depression and anxiety (de Koning et al., 2016). Pre-
injury anxiety and depression are linked with greater post-
concussion symptom severity, however controlling for pre-injury
symptoms, the change in symptoms due to MTBI did not
differ between those with pre-injury anxiety and depression and
those without in a study assessing post-concussion symptom
reporting (Karr et al., 2020). Interestingly, we found a positive
correlation between eFAA and PTA, showing that patients
with longer PTA had more positive eFAA, in contrast to
negative correlation between eFAA and RPQ and BDI scores.
Longer PTA does not predict depression or post-concussion
syndrome (PCS) and it still remains a challenge to predict
outcome from any acute phase clinical measures including
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PTA in MTBI. On the contrary, long PTA or having no
memory of the traumatic event might even protect one from
intrusive memories at the acute stage (Bryant et al., 2009)
and the development of PCS (Gil et al., 2005). Furthermore,
with lack of objective evidence for brain injury or dysfunction
in uncomplicated MTBI it is difficult to predict functional
recovery and impairment. As depression and anxiety after MTBI
have been shown to be important precursors of functional
impairment, it is essential to assess mental health and emotion-
related symptoms after MTBI (Zahniser et al., 2019). To that
end, the novel biomarker of MTBI, eFAA, based on emotion-
related brain functions, i.e. the difference in brain response
to emotionally threatening and neutral stimuli, correlates with
both measures reflecting the acute severity of the injury as well
as the outcome measures including mood and subjective post-
concussion symptoms.

Threat or fear-related stimuli or events are frequently
used to study anxious or depressed populations to assess
alterations in fear-processing. Anxiety and depression
are intricately intertwined as post-concussion symptoms.
Rodents with MTBI show fear- and anxiety-related behaviors,
increased fear-learning and generalization of fear when
compared to control animals, along with molecular changes
in regions involved in fear-related behaviors such as the
amygdala and in regions involved in emotional control,
such as the prefrontal cortex (Statz et al., 2019). These
behavioral and molecular changes after MTBI linked with
fear and anxiety observed in animal studies suggest biological
factors contribute to anxiety after MTBI. Further evidence
comes from human studies reporting increased anxiety and
depression after MTBI as well as evidence of structural changes
contributing to these symptoms, e.g. a thinning of the right
orbitofrontal cortex involved in downplaying negative emotions
(Epstein et al., 2016). Focal injury to OFC is a frequent
consequence of traumatic brain injury (TBI) and known to
be involved in dysregulation of attention to emotion, possibly
contributing to the challenges in emotional and social behaviors
experienced by patients with OFC injury (Hartikainen and
Knight, 2003; Hartikainen et al., 2012a; Kuusinen et al.,
2018; Mäki-Marttunen et al., 2017). The internal structural
configuration of the skull, such as surrounding sharp bony
ridges of the skull which hold the brain in place, make the
orbitofrontal cortex especially vulnerable to head injury.
Because of this, it may well be that this area is involved in
some of the subjectively experienced emotional symptoms
in MTBI.

While the current study does not address the specific neural
mechanisms contributing to altered FAA nor to the altered
emotional modulation of FAA (eFAA) after MTBI, we can
infer that MTBI results in altered activity of fronto-thalamic
networks, distinctly and dynamically affecting the left and right
hemispheres leading to alterations in typical emotion regulation.
This was seen in eFAA correlating negatively with BDI and
current post concussion symptoms and positively with PTA.
Thus, eFAA can be thought of as a biomarker of MTBI reflecting
both acute severity of the injury as measured with PTA as
well as long-term outcomes as measured by BDI and RPQ.
Previous studies have reported alterations in frontal white matter

integrity (Strain et al., 2013) and generally reduced functional
connectivity of emotion processing areas (McCuddy et al.,
2018) in patients with depressive symptoms after MTBI. Altered
balance between right and left frontal cortical activity may
reflect alterations in the brain’s affective and emotional control
functions. For example, decreased left frontal activity is linked
with more emotion regulation difficulties (Zhang et al., 2020).
Such alterations may be one of the underlying mechanisms of
depression symptoms and vulnerability to depression after MTBI.
Our results showing task-induced FAA indicative of greater
right frontal activity in subjects with previous MTBI resemble
those of Moore and colleagues who obtained similar results in a
resting-state experiment (Moore et al., 2016). Depressed subjects
with previous MTBI show altered functional connectivity (Banks
et al., 2016; McCuddy et al., 2018) similar to that seen in
depressed subjects without previous MTBI (Alhilali et al., 2015;
Chen et al., 2008). While only a few of our subjects had
BDI scores indicating mild depression and none had major
depressive disorder, it may well be the altered FAA observed
in the current study in subjects with previous MTBI reflect
similar changes in functional connectivity as previously reported
due to depression.

In comparison to healthy controls, FAA indicative of greater
right frontal activity in the current study was seen in the MTBI
group, including patients who did not complain of any post-
concussion symptoms. We speculate that organic dysfunction
could contribute to altered FAA after MTBI with psychosocial
and cognitive factors likely contributing to whether this
brain injury-based vulnerability develops into post-concussion
symptoms or clinical depression. It seems that both symptomatic
and non-symptomatic MTBI groups have the same underlying
brain physiology-based vulnerability reflected in FAA, but the
MTBI group without symptoms is more efficient in rapid
emotional control in the face of unexpected threat. It may well
be that it is a matter of efficiency of the rapid emotional control
circuits reflected in eFAA index that distinguish MTBI without
symptoms from those with prolonged symptoms.

We have previously suggested that FAA could be used
as a potential biomarker for the effect of neuromodulation
on brain’s affective circuits (Sun et al., 2017a). We showed
FAA reflected the functioning of a key node of the limbic
circuit, i.e. anterior nucleus of the thalamus (ANT). With high-
frequency electric stimulation used in deep brain stimulation
(DBS) we were able to basically turn on and off ANT and
observe online the impact of ANT on FAA. DBS at ANT
resulted in altered FAA indicative of greater right frontal
activation along with greater impact of threat on reaction times
(RTs). Thus, alteration in FAA was linked with alteration in
emotion modulated behavior. In that study we also calculated
a subtraction score similar to eFAA that isolated the impact
of threat-related stimuli on FAA and found this index to
correlate with a subtraction score obtained in a similar manner
to isolate the impact of threat on RTs. To that end, while we
did not call it eFAA yet, nevertheless this index was linked
with emotion modulated behavior. DBS at ANT is used to
treat refractory epilepsy and while it is an effective treatment,
depression symptoms have been mentioned as a side effect
(Fisher et al., 2010). Another treatment of refractory epilepsy
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and depression, vagus nerve stimulation (VNS), resulted in FAA
values indicative of greater right frontal activation as well (Sun
et al., 2017b). It is of interest we found a similar pattern of FAA
in the current study of MTBI patients as observed in patients
with refractory epilepsy undergoing ANT-DBS and VNS in
contrast to conditions when these neuromodulation treatments
were turned off.

What links these very different clinical populations is
alterations in activity of fronto-thalamic cognitive and emotional
control circuits (Hartikainen et al., 2010b, 2014). Thus, the
potential of task-induced FAA in threatening context or eFAA
as a biomarker is not limited to MTBI or neuromodulation,
but rather encompasses all clinical populations that have altered
functioning of fronto-thalamic control circuits. Such clinical
populations include neurodevelopmental disorders such as
attention deficit/hyperactivity disorder (ADHD) with many of
the cognitive and affective symptoms overlapping with those
of MTBI. This is evident from the BRIEF questionnaire, that
captures many of the typical symptoms of TBI even though it
was originally designed to assess executive dysfunction in ADHD.
A link between ADHD symptoms and alpha asymmetry has been
previously reported by Keune et al. (2015) suggesting altered
asymmetry of frontal circuits and further pointing to potential in
biomarkers based on measurement of this asymmetric activation
in this clinical population as well (Keune et al., 2015). While
future studies are needed before final conclusions of clinical
applicability of eFAA can be made the prospects of an objective
biomarker of alterations of emotional brain processes are vast and
emphasized by the current lack thereof.

Intact fronto-thalamic cognitive control circuits are essential
for efficient emotion regulation as some of the resources used
for both cognitive and emotional control are shared (Ochsner
and Gross, 2005; Langner et al., 2018). Adaptive emotion
regulation strategies rely heavily on cognitive control, also
called executive functions, and impaired executive functions
increase the risk of depression (Letkiewicz et al., 2014).
Fronto-thalamic networks responsible for executive functions
are vulnerable to injury and dysfunction due to head trauma
(Hartikainen et al., 2010b). Dysfunction of these networks
result in impaired cognitive (Peräkylä et al., 2017) and/or
emotional control (Hartikainen et al., 2014; Sun et al., 2015),
making patients susceptible to depression symptoms (Fisher
et al., 2010). We have previously shown that subjects with
persistent symptoms after MTBI have compromised executive
functions potentially linked with alterations in integrity of
fronto-subcortical circuits (Hartikainen et al., 2010b) and
that subjects with previous MTBI allocate more attention to
threat-related emotional stimuli than control subjects (Mäki-
Marttunen et al., 2015). Prolonged attention to negative
emotional stimuli is frequently seen in depression and in a
well-known phenomenon called negativity bias (Gotlib and
Joormann, 2010; Keller et al., 2019). Such negativity bias
after MTBI may reflect dysfunction in frontal control systems
leading to similar phenomena that are observed in depressed
subjects, such as an inability to inhibit attention to negative
emotional stimuli or limit their impact, thus predisposing one
to depressive symptoms (Joormann and Gotlib, 2008; Koster
et al., 2011; Bistricky et al., 2014). We suggest this may be

one of the mechanisms contributing to the high prevalence of
depression after MTBI.

Despite several strengths, there are some limitations to our
study. Even though we found a difference in threat-related eFAA
between symptomatic and non-symptomatic MTBI groups and
between symptomatic MTBI group and healthy controls, the
clinical applicability of these results remains to be confirmed
in future studies. As the groups, and especially the subgroups
of MTBI patients were small, the results should be considered
as preliminary and conclusions made with caution. None of
the patients were diagnosed with PCS, but rather they reported
to have some ongoing post-concussion symptoms as measured
by the RPQ. Further studies with patients diagnosed with PCS
using FAA are needed to validate the usefulness of FAA in
this clinical population. Neither were our subjects diagnosed
with clinical depression, but rather there was an association
with eFAA and depression-related symptoms. This is in line
with lower FAA scores indicative of greater right frontal activity
reflecting vulnerability to depression (Henriques and Davidson,
1991; Nusslock et al., 2011). Furthermore, it may well be that
FAA evoked in threat-related context could be even more tightly
linked with anxiety than depression as anxiety is thought to be
more directly linked with altered fear processing than depression
which is a common concomitant of anxiety and intertwined
with it. It may be that both depression-related symptoms, as
well as other post-concussion symptoms, are more prevalent in
those subjects who suffer from anxiety. To that end, in future
studies we recommend using anxiety inventories along with
depression and other post-concussion symptoms inventories to
address the role of anxiety and its correlation with FAA and
threat-modulation of FAA. Finally, before task-induced FAA and
eFAA could be utilized as clinical biomarkers, more research on
different factors impacting these indices is required. Such factors
that could impact FAA are, for example, hormonal status, gender,
age, developmental disorders, medications and other conditions
impacting affective brain functions.

In conclusion, we found MTBI to be associated with
lower FAA scores indicative of greater right frontal activity
independent of symptom status. Moreover, the current
study presented a novel brain activity based biomarker of
emotional control circuits. Emotional modulation of FAA,
eFAA, distinguished symptomatic MTBI patients from non-
symptomatic ones and reflected subjective post-concussion and
depression symptoms after MTBI. eFAA depicts altered neural
activity in response to emotional events that likely underlie
subjective symptoms and vulnerability to depression after MTBI.
To that end, eFAA has potential as a biomarker of altered
affective brain functions with applicability in both clinical and
research fields.
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