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Electrophysiological recordings such as human electroencephalogram (EEG) and 

monkey local field potentials (LFP) are traditionally thought to be comprised of a 

deterministic event-related potential (ERP) plus a task-irrelevant random noise. 

However, evidence has long suggested that the ERP waveform can vary from trial to 

trial. Such trial-to-trial variability often bears important information about the dynamics of 

the underlying cognitive processes. With recent advancements in single-trial analysis 

methods, we seek to explore in this dissertation the dynamics of cognitive processes 

underlying higher-level cognitive functions including visual attention, emotional 

processing, and classical conditioning.  

 First, we applied a recently developed single-trial analysis method, Analysis of 

Single-trial ERP and Ongoing signals (ASEO), to study the trial-to-trial temporal 

dynamics of sensory facilitation during classical aversive conditioning. Estimating the 

amplitude of the P1 component elicited by the conditioned stimuli (CSs), we found that 

P1 amplitude fluctuations within the acquisition session followed three distinct phases. 

Further, the effects of sensory facilitation toward the CS predicting aversive outcomes, 

compared to the CS predicting neutral outcomes, were manifested by differences in the 
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rate of P1 amplitude changes within each phase. Second, we investigated brain 

structures involved in the generation and modulation of the late positive potential (LPP) 

during emotional processing. Correlating single-trial LPP amplitude with the 

simultaneously recorded blood-oxygen-level-dependent (BOLD) activity, we found that 

regions contributing to scalp-recorded LPP included the visual cortices and emotional 

processing structures. Moreover, the degree of contribution to scalp LPP from these 

structures was valence specific. Finally, we investigated brain areas contributing to the 

attentional modulation of alpha (8–12 Hz) in spatial visual attention. Our results suggest 

that the intraparietal sulcus, a core region within the frontoparietal attention network, 

modulates the trial-to-trial alpha desynchronization. Further, we found a positive 

correlation between alpha lateralization and BOLD in dorsal anterior cingulate cortex 

(dACC), suggesting a role for dACC in facilitating the attentional set via executive 

influences over attentional control systems.  

In conclusion, the results suggest that trial-to-trial variability is an important aspect 

of the cognitive process. Exploring such variability can gain us valuable insights into the 

neuronal mechanisms of higher-level cognitive processes. 
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CHAPTER 1 
INTRODUCTION 

Studies of brain functions by electroencephalogram (EEG) or local field potentials 

(LFPs) often rely on averaging over a large number of repeated experimental trials to 

enhance the signal-to-noise ratio (SNR). This is usually performed by aligning all trial 

epochs belonging to a certain experimental condition to the onset of an event and then 

computing an ensemble average across all epochs. The resulting time series, the 

averaged event-related potential (AERP), is an estimate of the true underlying event-

related potential (ERP) and has been the major tool for neuroscientists to explore basic 

brain functions (Luck, 2005). The underlying assumption for this ensemble averaging 

procedure is that the recorded neural signal following experimental events can be 

modeled as a linear combination of the ERP and an ongoing activity. The ERP is 

assumed to be deterministic and does not vary across trials, whereas the ongoing 

activity is treated as task-irrelevant brain activities. However, evidence has long 

suggested that the ERP can take distinct waveforms across experimental trials and 

such trial-to-trial variability has been demonstrated to relate to fluctuations in 

performances as well as cognitive processes (Woody, 1967; Coppola et al., 1978; 

Truccolo et al., 2002, 2003; Chen et al., 2006; Knuth et al., 2006; Truccolo et al., 2003). 

Moreover, the ongoing activity is not task-irrelevant and has been shown to contain rich 

information about neuronal oscillations also closely related to cognitive functions (Keil et 

al., 2007; Klimesch et al., 2007; Anderson and Ding, 2011; Rajagovindan and Ding, 

2011; Wang and Ding, 2011). Simply taking the ensemble average as the estimator for 

the ERP would potentially smooth out such trial-to-trial information of the underlying 

cognitive processes and thereby rendering the AERP a suboptimal estimator. Thus, it is 
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important that researchers utilize single-trial analysis methods to reduce the level of 

information deterioration involved in traditional ensemble averaging. 

The advantage of adopting single-trial analysis to examine cognitive functions can 

be summarized in the following three aspects. In the first place, single-trial ERP 

estimation allows one to better reconstruct the AERP. In the traditional ensemble 

averaging approach, trial-to-trial variability negatively impacts the SNR of the estimated 

AERP as the latency shift for a given ERP component tends to decrease the estimated 

amplitude and widen the waveform after the averaging procedure. Estimating and 

accounting for the trial-to-trial latency shift in single-trial ERPs prior to the ensemble 

averaging can therefore reduce the temporal smearing effect and enhance the SNR of 

the AERP.  

Second, single-trial analysis allows the study of cognitive functions via trial-to-trial 

variability. Fluctuations in single-trial ERP amplitudes and latency shifts often contain 

important information about the cognitive processes such as attention (Anderson and 

Ding, 2011; Rajagovindan and Ding, 2011; Zhang and Ding, 2010), working memory 

(Anderson et al., 2010), conflict monitoring (Debener et al., 2005), and associative 

learning (Keil et al., 2007). Hence, by studying such task-related trial-to-trial variability, 

one can gain additional information about the dynamics of neuronal mechanisms that 

cannot be obtained by the traditional ensemble averaging approach. In fact, single-trial 

ERP analysis has been an indispensable component in simultaneous EEG and 

functional magnetic resonance imaging (fMRI) analysis (Eichele et al., 2005; Debener et 

al., 2005, 2007; Bénar et al., 2007).  



14 
 

Third, estimating single-trial ERP allows better estimation of the ongoing activity 

(Wang et al., 2008; Xu et al., 2009). The ongoing activity is usually estimated by 

subtracting the AERP from the original data. Yet, recent evidence suggests that this 

simple subtraction scheme might not be sufficient to remove the ERP due to the trial-to-

trial variability in the ERP time series (Wang et al., 2008). The residual ERP in the 

estimated ongoing activity can cause spurious results when one attempts to analyze 

properties of the ongoing activity, leading to erroneous interpretations. Single-trial 

analysis can reduce the level of residual ERP in the estimated ongoing activity when 

one adjusts for trial-to-trial variability in the ERP and subtracts the estimated single-trial 

ERP from each corresponding trial. This alternative approach has been shown to give 

better estimations of the ongoing activity and is effective in reducing spurious functional 

connectivity (Wang et al., 2008). 

A number of single-trial analysis methods have emerged in the past decade. 

These methods involve the use of maximum-likelihood estimation (McGillem et al., 1985; 

Tuan et al., 1987; Lange et al., 1997; Jaskowski and Verleger, 1999), wavelet denoising 

(Bartnik et al., 1992; Quiroga, 2000; Quiroga and Garcia, 2003), Bayesian estimation 

(Truccolo et al., 2003), and other iterative methods (Xu et al., 2009). In particular, an 

iterative algorithm called “Analysis of Single-trial ERP and Ongoing signal (ASEO; Xu et 

al., 2009)” has been shown to achieve a relative high performance level. The ASEO 

algorithm assumes that the recorded LFP or EEG activity following event onset can be 

described by a Variable Signal Plus Ongoing Activity (VSPOA) model (Chen et al., 

2006). This signal generative model assumes that the ERP can be decomposed into a 

set of time-domain components, where each component has a fixed waveform but could 
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vary in its amplitude and latency across trials. The ongoing activity is further modeled as 

an autoregressive (AR) model which gives a realistic description of the brain’s 

oscillatory activities. Based on the VSPOA model, the ASEO algorithm estimates 

iteratively the waveforms, amplitude scaling factors, and latency shifts for each ERP 

components, as well as the AR coefficients for the ongoing activity. It can be shown that 

with this iterative estimation procedure, the ASEO algorithm can outperform other 

single-trial ERP estimation algorithms such as the dVCA method (Truccolo et al., 2003). 

In this dissertation, the dynamics of neuronal processing underlying three 

important higher-level cognitive functions, i.e., classical conditioning, emotional 

processing, and voluntary attention, are studied via the above-mentioned ASEO single-

trial analysis. Specifically, the dissertation examines these questions along the following 

three specific aims.  

Aim 1: To investigate the detailed trial-by-trial dynamics of sensory facilitation 

process underlying the classical aversive conditioning. A key aspect of adaptively 

responding to stimuli that signify threats or rewards is the in-depth sensory analysis of 

such stimuli (Bradley et al., 2003). Simple neutral stimuli, when temporally paired with 

the emotionally-engaging unconditioned stimuli in classical conditioning paradigms, 

were found to evoke increased sensory responses, compared to responses elicited by 

the same stimuli but not paired with a noxious stimulus (Stolarova et al., 2006). Such 

effects of sensory facilitation were further found to increase over two consecutive 

sessions of conditioning, demonstrating sustained learning effects on the time scale of 

experimental blocks (Stolarova et al., 2006; Keil et al., 2007). Yet to date, the detailed 

trial-to-trial temporal dynamics of the sensory facilitation process is not known. 
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Understanding such detailed temporal dynamics of differential sensory changes during 

the associative learning process is important for both basic science problems as well as 

clinical translational research addressing the etiology and treatment of affective 

disorders (Lissek et al., 2008). For instance, reports on the habituation of the amygdala 

during classical conditioning (Breiter et al., 1996; Whalen et al., 1998; Buchel et al., 

1999; Zald, 2003) suggest that re-entrant modulation of visual areas by amygdalo-fugal 

connections (Amaral and Price, 1984) decreases over time. On the other hand, 

mapping the trial-by-trial dynamics of emotional response is essential to characterize 

the dysfunctional pattern of sensory processing of phobic cues in generalized anxiety 

disorder (Mogg et al., 2000; Amir et al., 2009). Traditional ERP measures obtained by 

means of ensemble averaging do not allow for detailed information of the learning 

dynamics in the sensory cortex because such measures require the pooling of a 

substantial number of trials and thus lack trial specificity. Hence in this aim, the ASEO 

single-trial analysis will be employed to study the emotional experience dependent 

modulation of the extrastriate cortex during a classical differential conditioning paradigm. 

The evolving pattern of visual P1 component within a single conditioning block will be 

examined. I expect to observe differential temporal dynamics between the P1 

amplitudes elicited by the conditioned stimuli predicting aversive (CS+) vs. neutral (CS–) 

emotional contents, respectively. 

Aim 2: To investigate the neural substrates that contribute to the generation and 

modulation of the late positive potential (LPP) during emotional processing. The LPP is 

a reliable electrophysiological index of emotional perception in humans. During viewing 

of affective pictures, LPP is characterized as an amplitude enhancement in ERP starting 
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around 300–400 ms after picture onset for both pleasant and unpleasant stimuli, relative 

to the neutral stimuli. It has been shown that LPP amplitude varies systematically with 

the experienced intensity of the affective picture content (Schupp et al., 2000; Keil et al., 

2002) and exhibits abnormal patterns in mood disorders and other psychiatric 

conditions (Foti et al., 2010; Leutgeb et al., 2011; Weinberg and Hajcak, 2011; Weymar 

et al., 2011; Jaworska et al., 2012). Despite the importance of LPP, brain structures that 

contribute to the generation and modulation of LPP are not well understood. Studies 

employing ERP source localization techniques are only partly successful because of the 

relatively low spatial resolution and the difficulty in resolving deep subcortical structures 

(Sabatinelli et al., 2007b; Keil et al., 2002).  

In parallel, functional magnetic resonance imaging (fMRI) studies have found that 

viewing of affective pictures is associated with increased blood-oxygen-level-dependent 

(BOLD) activity in widespread brain regions, including occipital, parietal, inferotemporal 

cortices, and other higher-level emotion processing structures such as amygdala 

(Breiter et al., 1996; Lang et al., 1998; Bradley et al., 2003; Norris et al., 2004; 

Sabatinelli et al., 2005, 2009). Such extensive network activation suggests that 

emotionally salient contents enhance visual stimulus processing by attracting attentional 

and sensory processing resources (Lang et al., 1998a; Lang and Bradley, 2010). Hence, 

I hypothesize that if the enhanced LPP and BOLD activity during affective processing 

reflect a common underlying mechanism, one might expect a coupling between the LPP 

amplitude and BOLD activities in regions that contribute to the LPP. To test our 

hypothesis and identify regions that give rise to the scalp-recorded LPP, we will record 

simultaneous EEG-fMRI while subjects passively view emotionally arousing and neutral 
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pictures. Single-trial LPP amplitudes, estimated via the ASEO algorithm, will be 

correlated with single-trial evoked BOLD responses across the entire brain to identify 

brain structures contributing to the scalp-recorded LPP. Through this technique, we 

wish to identify structures that contribute to the LPP during processing of both pleasant 

and unpleasant emotions, respectively. 

Aim 3: To investigate brain areas and mechanisms underlying top-down 

modulation of alpha oscillations (8 – 12 Hz) during spatial visual attention. A well-

established phenomenon during spatial visual attention is the desynchronization of 

posterior alpha oscillation on the hemisphere contralateral to the direction of covert 

spatial attention (Worden et al., 2000; Sauseng et al., 2005; Thut et al., 2006; 

Rajagovindan and Ding, 2011). Such modulation of posterior alpha is thought to reflect 

an increase in cortical excitability among task-relevant cortices through top-down 

attentional mechanisms (Klimesch et al., 2007; Romei et al., 2008, 2010). Although 

putative sources of alpha attentional modulation have been attributed to the dorsal 

frontoparietal attention network as well as other higher-level executive regions (Kastner 

et al., 1999; Shulman et al., 1999a; Corbetta et al., 2000; Hopfinger et al., 2000; 

Corbetta and Shulman, 2002; Astafiev et al., 2003; Giesbrecht et al., 2003), direct 

evidence showing modulation of posterior alpha from these brain regions has been 

scarce. Further, the mechanism through which higher-order brain areas control sensory 

cortices to selectively enhance the processing of behaviorally relevant information and 

at the same time suppress the processing of behaviorally irrelevant distractors remains 

largely unknown. In this aim, we will address the above research questions by 

correlating trial-to-trial fluctuations in the posterior alpha power during the anticipatory 
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period with simultaneously acquired BOLD activities throughout the brain. We wish to 

identify separately regions associated with two forms of alpha attentional modulation, 

i.e., desynchronization and hemispheric lateralization. In addition, regions associated 

with alpha power increases will also be identified to examine potential mechanism of 

active inhibition over task-irrelevant networks. 
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CHAPTER 2 
EFFECTS OF EMOTIONAL CONDITIONING ON EARLY VISUAL PROCESSING: 

TEMPORAL DYNAMICS REVEALED BY ERP SINGLE-TRIAL ANALYSIS 

2.1 Background and Significance 

Emotions, viewed in an evolutionary context, represent phylogenetically old action 

dispositions that facilitate survival vival of the organism and the species (Lang et al., 

1998). A key aspect of adaptively responding to stimuli that signify threats or rewards is 

the in-depth sensory analysis of such stimuli (Bradley et al., 2003). In line with this view, 

neuroscience studies of emotional perception have suggested that processing of 

emotionally salient stimuli is facilitated at multiple stages of the visual pathway 

(Pizzagalli et al., 1999, 2003; Vuilleumier et al., 2001; Schupp et al., 2003, 2004). In 

situations that require spatial orienting to affectively arousing stimuli, studies using 

event-related potentials (ERPs) have shown that early visual components C1 and P1 

are enhanced by affective cues (Pourtois et al., 2004). Specifically, experiments using 

differential classical conditioning have demonstrated increased early cortical responses 

over learning trials for the conditioned stimulus that predicts an unpleasant event (i.e., 

the CS+) across the conditioning blocks (Stolarova et al., 2006). As suggested in Keil et 

al. (2007), a possible explanation for such early sensory enhancement are changes in 

the depth-of-processing needed for discrimination, as learning progresses: Experience 

with a given set of stimuli and spatial locations allows observers to predict certain 

aspects of the stimulus array, which then no longer require in-depth processing in each 

subsequent trial. In terms of neural mass activity, this predictability may lead to 

constantly increasing cortical facilitation for a specific set of features (e.g., the 

orientation of the CS+ grating), at increasingly early stages of visual analysis (Stolarova 

et al., 2006). One prediction of this notion is that early trials should be characterized by 
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slower in-depth processing, followed by a successive shift of discriminant neural 

engagement to fewer and earlier levels of visual cortex. Changes in sensory cortices as 

a function of learning have been observed in experimental animals (Lee et al., 2002; 

Schwabe and Obermayer, 2005; Tolias et al., 2005), particularly when using intense 

conditioning regimens (Elbert and Heim, 2001). 

Although previous work has identified the effect of learning on the time scale of 

experimental trial blocks, it is important for both basic science and applied questions to 

obtain information on the time course of differential changes during emotional learning 

on a trial-to-trial basis. For instance, reports on the habituation of the amygdala during 

classical conditioning (Breiter et al., 1996; Büchel et al., 1998, 1999b; Whalen et al., 

1998; Zald, 2003) suggest that re-entrant modulation of visual areas by amygdalo-fugal 

connections (Amaral and Price, 1984) decreases over time. Another question of interest 

is the time course and duration of early visual enhancement during the first trials, as it 

may represent a measure of the speed of acquisition of contingencies (Moratti and Keil, 

2009). Trial-by-trial dynamics of emotional learning are also an important aspect in 

translational research addressing the etiology, maintenance, and treatment of anxiety 

disorders (Lissek et al., 2008). For instance, initial hyper-vigilance and subsequent 

perceptual avoidance of fear-related cues may represent a dysfunctional pattern of 

sensory processing of phobic cues in generalized anxiety disorder, or in depression 

(Mogg et al., 2000), and this pattern may change over trials, e.g., with attention training 

(Amir et al., 2009).  

ERP measures obtained by means of ensemble averaging do not allow for a 

detailed picture of the learning dynamics in visual cortex because they require the 
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pooling of a substantial number of trials and thus lack trial specificity. For instance, 

using ensemble averaging, Stolarova et al. (2006) examined electrocortical changes on 

the time scale of trial blocks, which obscures putative condition differences in terms of 

trial-to-trial dynamics. In this article, a novel single-trial ERP analysis method called 

Analysis of Single-trial ERP and Ongoing activity (ASEO) (Xu et al., 2009) is employed 

to study the emotional experience-dependent modulation of the extrastriate cortex 

during a classical differential conditioning paradigm. Treating the visual P1 component 

elicited by the conditioned stimuli (CS+ and CS–) as an index of early sensory 

processing, we estimated the amplitude of P1 on a single-trial basis over conditioning 

and control blocks and compared the results across the two CSs. In contrast to previous 

reports by Keil et al. (2007) and Stolarova et al. (2006), where block-based averaging 

was used, the current work aimed at examining the evolving pattern of visual P1 

amplitude within a single conditioning block. Given that the P1 has been shown to be 

modulated by classically conditioned cues in previous studies (Pizzagalli et al., 2003; 

Stolarova et al., 2006), we expected to observe differential temporal dynamics between 

the P1 amplitudes elicited by the conditioned stimuli predicting aversive (CS+) vs. 

neutral (CS–) pictures, respectively. 

2.2 Materials and Methods 

2.2.1 Participants 

Datasets from five participants (two males and three females, mean age: 22.4, SD 

= 1.8) were selected from an earlier study of classical emotional conditioning (Keil et al., 

2007), in which 14 undergraduate students participated in exchange of class credit or a 

financial bonus of ~30 USD. To be selected for the single-trial analysis in the present 
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study, datasets had to meet the following three criteria: (a) Reliable enhancement of the 

eye-blink startle response measured when viewing the CS+, compared to the CS–, 

which was taken to index successful acquisition of contingencies (see below), (b) 

reliable P1 ERP scalp topography among parietal-occipital sites, and (c) excellent 

signal-to-noise ratio of the recorded EEG signal as indexed by a 3-dB gain between the 

alpha band power and power in beta and gamma band. Eight subjects showing strong 

contingency acquisition were included according to the first criterion. Among the eight 

subjects, datasets from two subjects showing abnormal P1 topography during at least 

one experimental condition were excluded according to criterion b). We further excluded 

one subject’s dataset showing long segments of excessive high frequency artifact from 

our study. The goal of the above subject inclusion criteria was to make sure that: (1) 

reliable P1 temporal dynamics could be extracted from each individual subject; and (2) 

the P1 effects seen in the present participants would be consistent with successful 

conditioning as indexed by startle reflex modulation. The data from five participants 

meeting all three criteria were processed using the single-trial analysis technique 

described below. 

2.2.2 Stimuli 

One hundred twenty pictures from the International Affective Picture System (IAPS; 

Lang et al., 1997) were chosen based on their normative ratings of hedonic valence and 

emotional arousal as listed in the IAPS manual. The 60 unpleasant pictures contained 

mutilated bodies, attack scenes, and disgusting objects (mean valence: 2.2, SD = 0.6; 

mean arousal: 6.1, SD = 0.8). They served as the Unconditioned Stimuli (USs). The 60 

neutral pictures served as control stimuli and contained landscapes, people, objects, 
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and abstract patterns (mean valence: 5.9, SD = 0.7; mean arousal: 3.8, SD = 0.9). The 

differences between these two picture categories was maximized in terms of both 

emotional valence and their level of emotional arousal to facilitate differential 

conditioning despite the relative weakness of picture USs compared to sound or electric 

shock stimuli used in other works. Picture USs enabled us to use rapid presentation 

rates, resulting in high trial counts. The affective pictures were presented centrally on a 

19-in. computer monitor with a refresh rate of 70 Hz and subtended a visual angle of 

7.2˚ horizontally. In addition, four types of 8-by-8 checkerboards with different colors 

(black and bright red, black and dark red, black and bright green, and black and dark 

green) were designed such that they matched the size of affective pictures. These 

checkerboard patterns were used to replace the affective pictures during the control 

block with no contingencies (see below). 

Two small black and white squares (visual angle horizontally: 2.2˚) differing only in 

grating orientation (45˚ or 135˚) were used as CS+ and CS–, respectively. They had a 

spatial frequency of 2.3 cycles per degree with 100% in contrast. The gratings were 

presented in either the upper left or right visual field (eccentricity of the inner border: 

3.58˚) prior to the affective pictures. 

2.2.3 Paradigm 

Two experimental blocks, a conditioning block and a control block, conducted in 

that order on the same day during the original experiment were analyzed in this study. 

The experimental timeline for the conditioning block is shown in Figure 2-1A. For each 

CS+ trial, the grating pattern designated as the CS+ appeared on the screen for a total 

of 600 ms. About 200 ms following the onset of the CS+, an affective picture was 
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presented centrally for a duration of 400 ms. The inter-trial interval (ITI) varied randomly 

between 400 and 1,400 ms (Fig. 2-1A). For each neutral trial, the grating pattern 

designated as the CS– was paired with the neutral and low arousing pictures in the 

same manner as described for the CS+. Both trial types were presented in a 

randomized fashion within the block. The experimental block contained a total of 480 

standard trials (grating followed by an IAPS stimulus), out of which four conditions were 

formed, by crossing the grating orientation (CS+ versus CS–) and visual hemifield (left 

versus right). There were 120 trials for each condition. The experimental time line for 

the control block was kept the same as the conditioning block except that the affective 

pictures were replaced with the checkerboards mentioned above. The experiment was 

designed such that there was no systematic association between the grating orientation 

and color of checkerboard to minimize contingency reinforcement. During the 

experiment, participants sat at a distance of 80 cm from the computer screen. They 

were asked to maintain fixation of a white cross in the middle of the screen present at all 

times throughout recording. A chin rest was used to ensure consistency of head position 

and to minimize head movements. 

2.2.4 Data Acquisition 

The EEG was recorded using an EGI 128-channel system. The vertex (Cz) was 

the recording reference. The sampling rate was 250 Hz and impedances were kept 

below 50 kΩ as recommended by the manufacturer. Data were subjected to 0.1 Hz 

high-pass and 100 Hz low-pass online filtering. Artifact-free epochs (196 ms pre- and 

600 ms post-stimulus interval) were obtained using the SCADS procedure suggested by 

(Junghöfer et al., 2000). This procedure creates distributions of statistical indices of data 
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quality and lets researchers identify bad channels and trials, with the latter being 

discarded and the former being interpolated from the full channel set. In a subsequent 

step, data were re-referenced to average reference. The mean number of artifact-free 

trials per condition was 82. 

2.2.5 ASEO Single-trial Analysis 

A recently developed single-trial analysis method, called Analysis of Single-trial 

ERP and Ongoing activity (ASEO) (Xu et al., 2009), was adopted to extract the visual 

single-trial ERP from the raw single trial EEG data. A detailed description of the method 

can be found in the above reference. Briefly, the recorded r th trial ( 1,2,...,r R ) of the 

EEG data is modeled by the variable signal plus ongoing activity (VSPOA) model (Chen 

et al., 2006; Xu et al., 2009): 

1

( ) ( ) ( )
N

r rn n rn r
n

x t s t z t
 

(2-1) 

where ( )ns t  ( 1,2,...,n N ) is the unknown ERP component waveform with N  being 

the total number of such components, rn and rn  are the unknown amplitude scaling 

factor and the latency shift for the n th ERP component, and ( )rz t  is the ongoing activity 

which is further modeled as an AR random process. With proper initial conditions, the 

ASEO algorithm estimates the ERP component waveforms { ( )}ns t , the corresponding 

single-trial amplitude scaling factors { }rn  and latency shifts { }rn , and the AR 

coefficients of the ongoing activity in an iterative fashion. From these estimated 

quantities, the single-trial event-related potentials were reconstituted, forming the basis 

for estimating the amplitude of the P1 component. While implementing ASEO single-trial 
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analysis, the number of components and the waveform for each component required by 

the algorithm were selected according to visual inspection of the ERP waveform for 

each subject. An example is illustrated in Figure 2-3C. The number of components used 

in this study varied from three to six. These initial components were selected according 

to computational considerations, and might not effectively represent the true underlying 

neural generating processes. Comparison of average ERPs from the raw single trial 

EEG time series and that from the single-trial ERPs estimated from the same raw single 

trial EEG time series was used to evaluate the effectiveness of the ASEO procedure 

(Wang and Ding, 2012; Wang et al., 2008). 

The same analysis was applied to both the conditioning block and the control 

block. Because of the lateralized presentation of the CSs, the single-trial analysis was 

performed on the hemisphere contralateral to CS presentation at two lateral-posterior 

electrodes (channel 66 and 85 of the EGI 128-channel system) for every subject. These 

two electrodes, selected for exhibiting maximum ERP peak P1 amplitude, were located 

near sites P3 and P4 in the standard 10–20 system. Single-trial ERPs from these 

electrodes were estimated and reconstructed on a trial-by-trial basis for all four 

experimental conditions. The estimated single-trial ERPs were further subjected to a 10-

trial moving averaging procedure to smooth the data and enhance signal-to-noise ratio, 

i.e., the 1st trial to the 10th trial were pooled together to form smoothing Bin 1 and the 

singletrial ERPs averaged to produce smoothed Trial 1, and the 2nd trial to the 11th trial 

were pooled together to form smoothing Bin 2 and the single-trial ERPs averaged to 

produce smoothed Trial 2, and so on. The window length for the trial-to-trial moving 

averaging was selected such that reliable P1 amplitude could be obtained without 
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compromising much trial-to-trial specificity. The time interval of the contralateral P1 

component was then defined for each condition and subject, separately, and the peak 

voltage within the time interval was selected as the P1 amplitude measurement. 

Hemispheric conditions were further combined by averaging the results over the 

two electrodes, leaving for comparison two experimental conditions: CS+ and CS–. To 

examine the effect of emotional conditioning on the CS-evoked P1 component, P1 

amplitudes for CS+ and CS– conditions were averaged across five subjects, and plotted 

against the smoothing bin index to reveal the temporal dynamics. The temporal 

functions of P1 amplitude data for CS+ and CS– were described by Multivariate 

Adaptive Regression Splines (MARS; Friedman, 1991), a segmented linear regression 

method. The parameters of these segmented linear functions were then subjected to 

statistical analysis. 

Given the emphasis of our study on the P1 temporal dynamics, we took the 

following steps to ensure that the time across subjects and conditions were comparable 

when we performed the above hemispheric and cross-subject averaging. First, we 

ensured that among the subjects included in our analyses, the trials remained after 

artifact rejection were approximately evenly-distributed throughout the block without 

leaving any major discontinuity in time (Fig. 2-2A,B). Second, since the number of 

remaining trials tended to vary within different experimental conditions across subjects 

after artifact rejection, we further equalized the number of trials prior to the 10-trial 

moving average by deleting trials randomly from subjects with more remaining trials. 

The trial deletion indexes were sampled without replacement from a uniform distribution 

spanning the entire block. To further ensure that deleted trials covered the block evenly, 
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we imposed an additional constraint such that no two consecutive trials were deleted. 

To demonstrate that the physical time remained comparable after the above procedure, 

we conducted for every condition within each subject a 10-trial moving average on the 

remaining within-condition trial indexes after trial equalization to estimate the 

approximate physical time associated with each smoothing bin used to reveal P1 

temporal dynamics. We combined the hemispheric results and further performed a 

grand average across five subjects leaving for comparison the averaged physical time 

indexes between CS+ and CS–. Here we used the within-condition trial indexes (i.e., the 

trial order within its own presentation stream for each condition) as a proxy of the actual 

physical time due to the fact that all four types of trials were evenly intermixed in our 

experiment design. Figure 2-2C showed the averaged trial index plotted against 

smoothing bin index for CS+ and CS–, respectively. The close similarity between CS+ 

and CS– as well as the quasi-linear pattern observed for both conditions suggest that 

the P1 dynamics between the two conditions can be compared to assess the effect of 

emotional conditioning on early visual processing. 

2.3 Results 

2.3.1 Average ERP Analysis 

The grand averaged ERPs time-locked to the onset of CS+ and CS– are shown in 

Figure 2-1B. A robust P1 response is seen over the parietal-occipital regions 

contralateral to the stimulated hemifield. Consistent with the previous report (Stolarova 

et al., 2006), no statistically significant difference between conditions was observed in 

grand averaged P1 amplitude (one-sided paired t test; left hemisphere: p = 0.423; right 

hemisphere: p = 0.412). 



30 
 

2.3.2 Single-trial Estimation of ERPs 

ASEO single-trial analysis was applied to extract the ERP on a trial-by-trial basis. 

The process is illustrated in Figure 2-3 for a representative subject. The raw single-trial 

EEG time series from the right parietal-occipital area are shown in Figure 2-3A. The 

ASEO estimated single-trial ERPs from the data in Figure 2-3A are shown in Figure 2-

3B. Ensemble averages of the data in Figure 2-3A, B are compared in Figure 2-3C. The 

close similarity between the two averages is taken as evidence that the ASEO method 

adequately estimated the single-trial ERPs and did not introduce spurious artifacts. The 

ongoing activities, obtained by subtracting the single-trial ERPs in Figure 2-3B from the 

raw single-trial data in Figure 2-3A, are shown in Figure 2-3D. The relatively constant 

variance of the ongoing activity for the entire epoch (mean 54.921, SD = 11) is seen as 

further support for the validity of the single-trial estimation procedure (Truccolo et al., 

2002; Wang and Ding, 2012; Xu et al., 2009). 

2.3.3 Temporal Dynamics of the P1 Component 

To examine how the history of emotional conditioning affects early sensory 

processing, we first analyzed the temporal dynamics of the CS-evoked P1 amplitude for 

the conditioning block measured at sites contralateral to CS presentation across trials. 

The single-trial ERP data was smoothed by using a 10 trial moving average and each 

10-trial ensemble was referred to a smoothing bin. Figure 2-4 demonstrates the result 

for a typical subject for both CS+ and CS– conditions. The P1 amplitudes, averaged 

across two hemispheres and across all subjects, were plotted as a function of the bin 

index for both CS+ and CS– in Figure 2-5. Although the amplitude of P1 elicited by CS+ 

is generally larger than that elicited by CS–, the difference failed to reach significance at 
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the level of α = 0.05, agreeing with the grand averaged ERP results reported above. 

However, as time progressed along the CS+ stream or the CS– stream, the temporal 

dynamics of the P1 amplitude revealed three distinct phases for both CS+ and CS–: (a) 

an initial decrease phase, (b) a subsequent increase phase, and (c) a final habituating 

phase. 

The data in Figure 2-5A were fit by piecewise linear functions using the MARS 

algorithm and the result is shown in Figure 2-5B. The durations of the initial decrease 

phase as measured in unit of bin indexes for CS+ and CS– were both brief and covered 

eight and six bins, respectively. According to the relationship between smoothing bin 

index and trial index shown in Figure 2-2C, this decrease phase covered about 26 CS+ 

trials and 18 CS– trials. The slopes for CS+ and CS– conditions during this phase were 

–0.028 and –0.16. A t test on the slopes (Kleinbaum et al., 1988) revealed a significant 

condition related difference (t(12) = 3.3174, p = 0.0061) (Table 2-1). For the subsequent 

increase phase, the CS+ trials spanned a shorter interval (from 9 to 17 as measured by 

the bin index), before reaching the maximum value than the CS– trials (7 to 24). The 

estimated corresponding number of trials within each condition covered by this phase 

was 28 and 64 for CS+ and CS–. The slopes for the CS+ and CS– trials within this 

phase were 0.27 and 0.15. A t-test on the slopes within this phase between the two 

conditions revealed that the slope for CS+ trials was significantly larger than the slope 

for CS– trials (t(20) = 3.1450, p = 0.0051). The habituating phase for the CS+ trials 

covered a relatively longer period starting at about the 88th trial compared with the CS– 

trials which started around the 112th trial. The slopes for the CS+ and CS– trials within 

this phase were –0.064 and 0.0067, respectively. As characterized by the slopes within 
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this phase, the rate of habituation for CS+ trials was significantly larger than that for 

CS– trials (a slightly positive slope) (t(64) = –8.3364, p < 10–4). 

To demonstrate that the P1 amplitude dynamics is specific for the conditioning 

block, we also applied the same analysis to data from the control block and the result is 

shown in Figure 2-5C. In contrast to the conditioning block, no systematic changes in 

processing phase over trials were found during the control block. The average P1 

amplitude is also significantly smaller than that of the conditioning block (one-sided t 

test, p < 10–10). In addition, the relatively small variation of P1 amplitude across the 

entire block suggests that participants maintained a steady level of early electrocortical 

processing during the block. Fitting the P1 amplitude data by the MARS algorithm 

described above using three segments of linear functions revealed unsystematic effects 

between the CSs. A linear regression on P1 amplitude data across the block showed 

that the slopes of the linear functions were –0.0064 for CS+ and 0.0080 for CS–, 

respectively (Fig. 2-5D). Both slopes were considered to be close to zero. 

2.4 Discussion 

Emotionally salient stimuli can attract attentional resources involuntarily to affect 

visual processing (Müller et al., 2008). Pourtois et al. (2004), incorporating an emotional 

cue within a spatial orienting task, found enhanced P1 time-locked to a bar that 

replaced a fearful face, compared to a bar that replaced a happy face. In addition, the 

C1 component time-locked to the face presentation had a greater amplitude for fearful 

faces as compared to happy faces. In a classical conditioning paradigm, Keil et al. 

(2007) found gradual increase of early (60 – 90 ms) gamma band (>30 Hz) oscillations 

evoked by the CS+, across two consecutive experimental blocks. This was taken to 
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suggest that an observer’s learning history would continuously alter the processing of 

sensory information (Moratti and Keil, 2009). In the current study, we examined this 

stimulus history dependent modulation in a classical delayed conditioning experiment 

on a more detailed time scale by means of single-trial ERP analysis (Xu et al., 2009). By 

extracting the P1 component evoked by the conditioning stimuli on a trial-by-trial basis, 

we reported three results. First, three distinct phases of P1 amplitude as a function of 

time specific to emotional conditioning were found: (1) a short initial decrease phase, (2) 

a subsequent increase phase, and (3) a final habituating phase for both the CS+ and 

CS– trials within the block. Second, the P1 response to CS+ stimuli exhibited slower 

rate of decrease over the first phase, faster rate of increase over the second phase, and 

again faster rate of decrease over the third phase relative to that evoked by the CS– 

stimuli. Third, for the control block where the same grating patterns used as CS+ and 

CS– stimuli in the condition block were paired with checkerboards, no systematic 

temporal effects were found for the P1 amplitude. 

Previous work has yielded mixed results with respect to P1 differences during 

classical conditioning (see Stolarova et al., 2006). The present data are informative by 

revealing the intra-block P1 dynamics associated with learning of contingencies. One 

possible explanation for the initial P1 decline could be that during the early trials, the 

contingencies are not yet established and thus neural responses to both CSs may be 

subject to repetition suppression. Previous studies in human electrophysiology, 

neuroimaging, and primate single-cell recordings have shown that repeated stimulus 

presentation tends to elicit decreased neural responses over time in the visual cortex 

(Grill-Spector et al., 2006; Guo et al., 2007, 2008; Jiang et al., 2000, 2009; Liu et al., 
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2009; McMahon and Olson, 2007). Research in classical conditioning has established 

that it frequently takes up to 5 trials of both the CS+ and the CS– for differential 

conditioning to take place, not only as reflected in psychophysiological measures, but 

also associated with selective enhancement in human visual cortex for the CS+ (e.g., 

Moratti and Keil, 2005). Considering the fact that our experiment paradigm further 

added a potential confounding factor by adopting a lateralized CS presenting scheme, 

the number of trials within the initial decrease phase (26 for CS+; 18 for CS–) might 

indicate the average amount of trials required to obtain conditioning effect in early visual 

cortex during our experiment. The smaller reduction rate for CS+ as compared to that 

for CS– may be reflective of the fact that any suppression was accompanied by 

differential enhancement for the CS+. It is worth noting that repetition suppression was 

not apparent in the control block, which may reflect a floor effect, given that the control 

block was conducted subsequent to the conditioning block, and the overall P1 amplitude 

was small across the control block. 

After the initial decrease phase, the P1 response to both CS+ and CS– underwent 

a subsequent increase phase, which is consistent with an increase in the predictive 

value of the CSs across these trials. At this stage, increased salience for both CSs 

appears to lead to increased attention bias and ultimately facilitated perceptual 

processing in extrastriate cortex. The fact that the rate of P1 increase was greater for 

CS+ than for CS– suggests that the motivationally relevant predictive stimulus (i.e., the 

CS+) benefits more strongly from such facilitation. Hence, the difference between the 

slopes for CS+ and CS– during the increase phase further supports the view that 
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experience established during classical conditioning affects the neural network 

organization underlying early visual processing (Keil et al., 2007). 

Functional imaging studies of visual aversive conditioning (LaBar et al., 1998; 

Morris et al., 1998a; Büchel and Dolan, 2000; Adolphs, 2002; LeDoux, 2003) have 

highlighted the amygdala, higher-order sensory areas, and frontal cortices as key 

structures for providing re-entrant input into visual areas (Zald, 2003; Sabatinelli et al., 

2009). In addition, the amygdala has been hypothesized to mediate cortical plasticity 

during emotional learning (Hendler et al., 2003). Given that the visual P1 component of 

the ERP originates in the extrastriate cortex (DiRusso et al., 2001), and that the 

amygdala projects to the extrastriate cortex in primates (Amaral and Price, 1984), the 

differential modulatory effects of the CSs on P1 may reflect a stronger involvement of 

the amygdala in re-entrant sensory modulation of the CS+ as opposed to the CS–. 

The final phase for both CS+ and CS– after the increase phase was a habituating 

phase toward the end of the conditioning block. The P1 response to the CS+ declined 

gradually as time progressed whereas the P1 response to CS– ceased to further 

increase and remained at a constant level. A widely observed activation pattern of 

amygdala during emotional perception and conditioning is its initial activation followed 

by rapid habituation or even deactivation as experiment progresses (Breiter et al., 1996; 

Büchel et al., 1998, 1999b; Phillips et al., 2001; Zald, 2003). Although no measurement 

from subcortical structures was available in our study, the habituation of the P1 

amplitude across trials might reflect habituation of deep structures such as the 

amygdala, which may eventually cease to provide re-entry input into visual cortex. 



36 
 

From a network point of view, changes in connectivity as a function of learning and 

experience should be considered. In the domain of auditory classical conditioning, 

research has shown learning-induced plasticity in the receptive fields of the primary 

auditory areas in animals (Diamond and Weinberger, 1984; Quirk et al., 1997; 

Weinberger, 2004) and humans (Morris et al., 1998b). Such changes are accompanied 

by an increase in dopamine or acetylcholine release (Weinberger, 1995), possibly 

leading to long-term potentiation and the strengthening of neural connectivity (Fox and 

Wong, 2005). Heightened neural connectivity has been shown during viewing of 

emotionally salient cues (Keil et al., 2003), and directional analyses of electrocortical 

data in humans have suggested re-entry can be observed from higher to lower tiers of 

visual cortex (Keil et al., 2009). Because heightened connectivity is often associated 

with amplitude reduction of neural mass activity (Büchel et al., 1999b; Gruber et al., 

2001), the response habituation to the CSs in our experiment might thus reflect the 

strengthening of visual networks representing the CSs’ locations and features after 

repeated contingency reinforcement. This is also in line with the notion that cortical 

modulations during learning occur at increasingly earlier stages as learning progresses, 

with early trials characterized by late modulation and late trials characterized by early 

modulation (Stolarova et al., 2006). 

Regarding the observed slope difference between the CSs, our results agree with 

a previous study on the impact of emotion on repetition suppression (Ishai et al., 2004). 

Using event-related fMRI to measure the rate of repetition suppression, Ishai et al. 

found that fearful faces which initially elicited stronger activation had a higher rate of 

repetition suppression compared with neutral faces. Although in our experiment the CSs 
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acquired emotional salience through conditioning, the higher P1 increase rate during the 

second stage coupled with subsequent stronger suppression effects for CS+ compared 

to CS– during the third stage suggests that processing of emotional stimuli may become 

more shifted toward a highly efficient neural network. 

In terms of attention mechanisms during conditioning, our P1 temporal dynamics 

during the conditioning block support the prediction error theory of attention during 

conditioning (Pearce and Hall, 1980), which states that subjects’ level of attention tends 

to decrease if a stimulus fully predicted an event during previous trials and vice versa. 

Studies that measured participants’ attentional response via EEG and eye tracking 

measurements (Wills et al., 2007; Wills, 2009) have lent support to this theory by 

providing evidence that increased attention is correlated with prediction error. In this 

regard, the increase phase and the habituating phase for the CSs in our study might 

reflect two distinct learning stages with the increase phase indicating high uncertainty 

level and habituating phase indicating the opposite case according to this theory. On a 

neurophysiological level, these theoretical notions are consistent with the perspective 

that processing simple, important, and predictable information may be accomplished by 

increasingly early stages of visual analysis as learning progresses (Keil, 2004). Thus, 

initial P1 enhancement should be followed by P1 amplitude reduction (as found here), 

coupled with enhancement of the C1 component (60-90 ms post-stimulus). Such a 

pattern was observed for the CS+ when comparing blocks of an identical conditioning 

protocol (Stolarova et al., 2006). 

In summary, by adopting a single-trial analysis method, our study revealed distinct 

phases of temporal dynamics of the visual P1 component within a classical emotional 
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conditioning paradigm. The fact that the three distinct phases of P1 amplitude dynamics 

were only found in the conditioning block as opposed to the control block supports the 

notion that the subject’s emotional processing experience can constantly modulate early 

visual processing through conditioning. By analyzing the differential effects within each 

processing phase between CS+ and CS– trials we were able to examine possible 

neuronal mechanisms of conditioned response. Despite these positives, the present 

study also has limitations that should be addressed in future studies. First, owing to the 

stringent selection criteria (see Methods), the number of subjects is small (n = 5). Data 

from both hemispheres had to be combined to create a pool of sufficient trials. As a 

consequence, we were not able to test the hypotheses in regard to hemispheric 

lateralization of emotional processing (Alves et al., 2008). Second, due to the limitation 

of scalp-EEG, we were not able to concurrently record activities from important 

subcortical structures such as amygdala. Thus, the linkage between the effects 

observed at the cortical level and the previously established subcortical conditioning 

effects remains to be further substantiated. Simultaneous EEG and fMRI recording is a 

promising technique to overcome this weakness. 
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Table 2-1. Results from MARS piecewise linear regression analysis 

  Segment 1 *  Segment 2 *  Segment 3 ** 

  Slope SSE  Slope SSE  Slope SSE 

CS+  -0.0281 0.3107  0.2657 1.1858  -0.0637 3.1112 
CS-  -0.1614 0.0384  0.1494 0.4713  0.0067 4.3124 
          
Slope 
Difference 

t-score 
3.3174 

p-value 
0.0061 

 t-score 
3.1450 

p-value 
0.0051 

 t-score 
-8.3364 

p-value 
8.24e-12 

*  p < 0.01; ** p < 10-11 
 

 

Figure 2-1. Schematic of Paradigm and ERP. A) The timeline of experiment. B) Grand 
average ERPs for both hemispheres and for both conditions. Condition-
induced differences in P1 are not statistically significant (one-sided paired t 
test; left hemisphere: p = 0.423; right hemisphere: p = 0.412). 
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Figure 2-2. Temporal distribution of trials analyzed in this study. A) Trial raster plot for 
the conditioning block showing the remaining aversive (CS+) trials (vertical 
bars) after artifact rejection. LH: Left Hemifield and RH: Right Hemifield. The 
horizontal axis denotes the sequential trial index within the two experimental 
conditions examined in this plot: right hemifield and left hemifield CS+ trials. B) 
Trial raster plot showing the remaining neutral (CS–) trials for the conditioning 
block. C) Plot showing the relation between the smoothing bin index and the 
averaged within-condition trial index for the conditioning block. Note that a 
similar relation was observed also for the control block (not shown here). 
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Figure 2-3. Illustration of ASEO single-trial analysis on a representative subject. A) Raw 

single-trial EEG data from the right parietal-occipital channel under 
contralateral CS+ condition. B) ASEO-estimated single-trial ERP time series. 
C) Average of ASEO single-trial ERPs is compared with the AERP from raw 
data. The four components used for initiating the ASEO algorithm were 
indicated. D) Single-trial ongoing activities obtained by subtracting single-trial 
ERPs in C) from the raw single-trial EEG data in A). 

 

 
Figure 2-4. Smoothing of single-trial ERPs. Depicted are averaged single-trial ERP time 

series from a smoothing bin of 10 consecutive trials of the same condition. 
The P1 amplitude is estimated from the smoothed waveform and plotted as a 
function of time in Figure 2-5. 

 



42 
 

 
 

Figure 2-5. Temporal dynamics of P1 amplitude. A) The P1 amplitude as a function of 
smoothing bin index over the entire conditioning block for CS+ and CS−, 
respectively. Three distinct phases can be identified for both CS+ and CS−: 
an initial decrease phase, a subsequent increase phase, and a final 
habituating phase. B) Piecewise linear regression using MARS. α’ s and β’ s 
indicate the slopes of each segment for CS+ and CS− conditions. C) P1 
amplitude sequences within the control block for CS+ and CS−. D) The linear 
regression analysis results for CS+ and CS− trials, respectively. 
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CHAPTER 3 
NEURAL SUBSTRATES OF THE LATE POSITIVE POTENTIAL IN EMOTIONAL 

PROCESSING 

3.1 Background and Significance 

The event-related potential (ERP) method is used extensively in affective 

neuroscience. A key feature observed in ERPs evoked by emotionally engaging stimuli 

is the late positive potential (LPP), which is characterized by an amplitude enhancement 

for pleasant and unpleasant stimuli, relative to neutral stimuli, and has a centroparietal 

maximum topography. For affective picture viewing, LPP starts around 300 - 400 ms 

after picture onset, and is often sustained throughout the duration of picture 

presentation (Cuthbert et al., 2000). LPP amplitude has been shown to vary 

systematically with the experienced intensity of the affective picture content (Schupp et 

al., 2000; Keil et al., 2002) and exhibit abnormal patterns in mood disorders and other 

psychiatric conditions (Leutgeb et al., 2011; Weinberg and Hajcak, 2011; Jaworska et 

al., 2012).  In parallel, functional magnetic resonance imaging (fMRI) have found that 

viewing of affective pictures is associated with increased blood-oxygen-level-dependent 

(BOLD) activity in widespread brain regions, including occipital, parietal, inferotemporal 

cortices, and amygdala (Breiter et al., 1996; Lang et al., 1998a; Bradley et al., 2003; 

Norris et al., 2004; Sabatinelli et al., 2005; Sabatinelli et al., 2009), suggesting that 

emotionally salient content enhances visual stimulus processing by attracting attentional 

resources (Lang et al., 1998b; Lang and Bradley, 2010). Taken together, if enhanced 

LPP and BOLD reflect a common underlying mechanism, one might expect a coupling 

between LPP amplitude and BOLD activity in the above reported regions. 

A prior study recording EEG and fMRI from the same subjects but in separate 

sessions has found that LPP amplitude was positively correlated with BOLD responses 
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in lateral occipital, parietal, and inferotemporal cortices (Sabatinelli et al., 2007a). This 

study did not examine LPP-BOLD coupling in other higher order emotional processing 

areas such as prefrontal cortex and deep subcortical structures known to be involved in 

emotional perception (Sabatinelli et al., 2009). A more recent study using a between-

subjects design observed coupling between LPP amplitude and BOLD activity in both 

deep and anterior structures (Sabatinelli et al., 2012), but it is still unclear whether these 

structures are engaged with the LPP in a category-specific way based on trial-by-trial 

information within each picture category. The advent of the simultaneous EEG-fMRI 

recording technique, together with reliable estimation of single-trial ERPs, opens new 

avenues to address this problem. 

We recorded simultaneous EEG-fMRI while subjects passively viewed emotionally 

arousing and neutral pictures. The single-trial LPP amplitudes were estimated using a 

recently proposed method (Xu et al., 2009) and then correlated with the single-trial 

evoked BOLD responses across the entire brain to identify brain structures whose 

activity is linearly related to the trial-by-trial variation of the scalp-recorded LPP. In 

addition, in light of a host of prior studies reporting differential engagement of cortical 

and sub-cortical structures in appetitive versus aversive processing (e.g., Sabatinelli et 

al., 2007a), we investigated whether trial-by-trial LPP amplitude fluctuations are 

mediated by different neural generators during different affective states by examining 

the coupling between LPP amplitude and BOLD within each picture category (pleasant, 

neutral, unpleasant).  
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3.2 Methods 

3.2.1 Participants 

Fifteen healthy volunteers participated in the experiment in exchange of either 

course credits or a financial incentive of $30. One participant withdrew from the 

experiment. In addition, data from 3 participants were discarded due to artifacts 

generated by excessive movement inside the scanner. The remaining 11 participants (7 

females, mean age: 20, standard deviation: 2.65) had normal or corrected-to-normal 

vision. The experimental protocol was approved by the Institutional Review Board of the 

University of Florida. Informed consent was obtained from all participants prior to the 

experiment. 

3.2.2 Stimuli and Procedure 

The stimuli consisted of 20 pleasant, 20 neutral, and 20 unpleasant pictures 

selected from the International Affective Picture System (IAPS, Lang et al., 2008) based 

on their normative valence and arousal levels. The IAPS picture numbers used in this 

study are: Pleasant: 4311, 4599, 4610, 4624, 4626, 4641, 4658, 4680, 4694, 4695, 

2057, 2332, 2345, 8186, 8250, 2655, 4597, 4668, 4693, 8030. Neutral: 2398, 2032, 

2036, 2037, 2102, 2191, 2305, 2374, 2377, 2411, 2499, 2635, 2347, 5600, 5700, 5781, 

5814, 5900, 8034, 2387. Unpleasant: 1114, 1120, 1205, 1220, 1271, 1300, 1302, 1931, 

3030, 3051, 3150, 6230, 6550, 9008, 9181, 9253, 9420, 9571, 3000, 3069. The 

selected pictures cover a wide range of contents and normative ratings. The pleasant 

pictures in general included sport scenes, romance, and erotic couples, whereas the 

unpleasant pictures incorporated threat, attack scenes, and bodily mutilations. The 

neutral pictures included landscapes and neutral human-beings. The mean pleasure 
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(valence) rating for pleasant, neutral, and unpleasant pictures was 7.0, 6.3, and 2.8, 

respectively. The pleasant and unpleasant pictures had similar mean arousal levels 

(pleasant: 5.8, unpleasant: 5.9), both being higher than neutral pictures (4.2). Pictures 

were chosen to be similar overall in composition, matched in jpeg size across 

categories, and comparable in rated complexity, to minimize confounds.  

The experimental paradigm was implemented in an event-related fMRI design. 

Each IAPS picture was centrally displayed on a monitor for 3 seconds followed by a 

variable (2800 or 4300 ms) interstimulus interval (ITI). All participants completed 5 

experimental sessions in which the pictures were repeated in different random orders. 

The order of picture presentation was also randomized across different participants. A 

cross was displayed at the center of the screen during the entire experiment to aid 

fixation. Stimuli were presented on an MR-compatible monitor using E-Prime software 

(Psychology Software Tools). The monitor was placed outside the scanner bore over 

the head of the subject. Participants viewed the task presentation in the scanner via a 

reflective mirror. Before the start of the first experimental session, participants were 

instructed to maintain eye fixation whenever the fixation cross is present and viewed the 

pictures without moving their eyes. After the experiment, as a validation, participants 

were asked to provide their ratings of 12 representative pictures (4 pictures within each 

category) they had not seen during the experiment along the scales of valence and 

arousal using a paper and pencil version of the self-assessment manikin (Bradley and 

Lang, 1994). The entire experiment lasted about 40 minutes. 
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3.2.3 Simultaneous EEG-fMRI Acquisition 

MRI data were collected on a 3-T Philips Achieva scanner (Philips Medical 

Systems, the Netherlands). Two hundred and twelve (212) volumes of functional 

images were acquired using a gradient-echo echo planar imaging (EPI) sequence 

during each session (echo time (TE): 30 ms, repetition time (TR): 1.98 s, flip angle: 80˚, 

slice number: 36, field of view (FOV): 224 mm, voxel size: 3.5×3.5×3.5 mm, matrix size: 

64×64). The slices were acquired in ascending order and oriented parallel to the plane 

connecting the anterior and posterior commissure. Slice acquisition was performed 

within an interval of 1850 ms during each TR, leaving an interval of 130 ms toward the 

end of the TR where no image acquisition was performed. This image acquisition 

approach allowed us to visually monitor the EEG recording within each volume during 

the no-scan period where EEG was not contaminated by gradient switching. A T1-

weighted high resolution structural image was also obtained.  

EEG data were recorded during the experiment using a 32-channel MR-

compatible EEG system (Brain Products GmbH). Thirty-one sintered Ag/AgCl 

electrodes were placed according to the 10-20 system, and one additional electrode 

was placed on subject’s upper back to monitor electrocardiograms (ECG). The recorded 

ECG will be used to detect heartbeat events to be used for the removal of the 

cardioballistic artifact. The EEG channels were referenced to site FCz during recording. 

The impedance from all scalp channels was kept below 10 kΩ during experiment as 

suggested by the manufacturer. EEG signal was recorded with a built-in 0.1~250 Hz 

band-pass filter and digitized to 16 bit at a sampling rate of 5 kHz. The digitized EEG 

signal was then transferred to the recording computer via a fiber-optic cable. The EEG 
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recording system was synchronized with the scanner’s internal clock throughout the 

recording session to ensure the successful removal of the gradient artifact in 

subsequent analyses.  

3.2.4 EEG Data Preprocessing 

Brain Vision Analyzer 2.0 (Brain Products GmbH) was used for data preprocessing. 

Gradient artifacts in the EEG data were removed using a modified version of the original 

algorithms proposed by Allen et al. (2000). Briefly, an artifact template was created by 

segmenting and averaging the data according to the onset of each volume within a 

sliding window consisting of 41 consecutive volumes, and subtracted from the raw EEG 

data. To remove the cardioballistic artifact, an average artifact subtraction method (Allen 

et al., 1998) was used, in which R peaks were detected in the low-pass filtered ECG 

signal and used to construct a delayed average artifact template over 21 consecutive 

heartbeat events in a sliding-window approach, which was subtracted from the original 

EEG signal. The resulting EEG data were then low-pass filtered with the cutoff set at 50 

Hz, down-sampled to 250 Hz, and re-referenced to the average reference. These data 

were then exported to the EEGLAB (Delorme and Makeig, 2004). SOBI (Second Order 

Blind Identification) (Belouchrani et al., 1993) was performed to further correct for eye-

blinking, residual cardioballistic, and movement-related artifacts. Recent work has 

shown that SOBI is effective in removing the residual cardioballistic artifact 

(Vanderperren et al., 2010), as well as in separating EEG data into physiologically 

interpretable components (Tang et al., 2005; Klemm et al., 2009). The artifacts-

corrected data were then epoched from -300 ms to 2000 ms with 0 ms being the onset 

of affective pictures. The prestimulus baseline was defined as -300 to 0 ms. The EEG 
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epochs were averaged within each condition separately to produce the average ERP 

(AERP). The AERP coming from each subject was further averaged across subjects to 

produce the grand average ERP. 

3.2.5 Single-trial Estimation of LPP 

Channel Pz was chosen to guide our subsequent EEG-informed fMRI analysis as 

it showed strong LPP difference between both emotional conditions and the neutral 

condition (Figure 3-1B and 3-1C). The ERP of each trial at Pz was estimated using the 

Analysis of Single-trial ERP and Ongoing activity (ASEO) method (Xu et al., 2009). 

ASEO has the following basic steps. First, according to the variable signal plus ongoing 

activity (VSPOA) generative model (Chen et al., 2006), the recorded EEG data for the 

rth trial ( 1,2,...,r R ) are expressed as: 

1

( ) ( ) ( )
N

r rn n rn r
n

x t s t z t  
(3-1) 

where ( )ns t  ( 1,2,...,n N ) is the n th ERP component and ( )
r
z t  is an autoregressive 

(AR) process modeling the ongoing activity. Within each individual trial, the n th ERP 

component is characterized by an amplitude scaling factor rn  and a latency shift rn  to 

account for trial-to-trial variability. Second, using a proper initial condition, the ASEO 

algorithm estimates the waveforms of the ERP components and their associated 

amplitude scaling factors and latency shifts in an iterative fashion. Third, from scaled 

and latency-adjusted ERP component estimates, the single-trial ERP was reconstructed 

on a trial-by-trial basis. Fourth, the LPP amplitude on each trial was obtained by 

averaging the single-trial ERP amplitude within a time interval around the peak of LPP 

(see Figures 3-2 and 3-3). To date ASEO has been applied to study both monkey local 
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field potential data and human EEG data (Wang et al., 2008; Wang and Ding, 2011; Liu 

et al., 2012a, b). See Xu et al. (2009) for a more detailed description of the ASEO 

algorithm. 

3.2.6 MRI Data Analysis 

The fMRI data were processed using SPM5 (http://www.fil.ion.ucl.ac.uk/spm/). The 

first five volumes in an experimental session were discarded to allow the scanner to 

stabilize. Slice timing was corrected using sinc interpolation to account for differences in 

acquisition time. The images were then corrected for head movement by spatially 

realigning the images to the sixth image of each session. Images were further 

normalized and registered to a standard template within SPM (the Montreal 

Neurological Institute (MNI) space). The functional volume images were resampled to a 

spatial resolution of 3×3×3 mm. The transformed images were then smoothed by a 

Gaussian filter with a full-width at half-maximum (FWHM) of 8 mm. The low frequency 

temporal drifts were removed from the functional images by applying a high-pass filter 

with a cut-off frequency of 1/128 Hz, and the global signal was removed by dividing 

every voxel in a slice by the estimated global signal value. 

Two separate general linear models (GLMs) with parametric modulation were 

constructed to model the relationship between LPP amplitude and BOLD. In the first 

model, we were mainly interested in examining the overall LPP-BOLD coupling across 

all three picture categories (i.e. pleasant, neutral, and unpleasant). Therefore, in this 

model we combined all three picture categories and modeled the resulting single 

experimental condition with two task-related regressors. The first regressor described 

the combined condition and consisted of a sequence of boxcar functions with unit height 
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synchronized with the onset of pictures. The width of each boxcar function was set to 

the duration of picture presentation (3 s). For the second regressor, the height of the 

boxcar functions in the first regressor varied according to the ASEO-estimated single-

trial LPP amplitude, with the mean level of the single-trial LPP amplitudes removed 

(Figure 3-3C). This regressor was intended to account for both the between-category 

and the within-category variability in LPP amplitude and its correlation with BOLD. The 

two regressors were further convolved with a canonical hemodynamic response 

function (HRF) before being incorporated into the design matrix. Six regressors 

describing the subjects’ head movement obtained from image preprocessing were 

further introduced to account for any movement related artifacts during scan. We 

referred to our first model as the “full model.” A single contrast was performed based on 

this model resulting in one statistical map for each subject. 

In the second model, we included six task-related regressors, with three 

corresponding to the three picture categories (pleasant, neutral, and unpleasant), and 

the other three modeling the relationship between LPP amplitudes and BOLD within 

each picture category. Since this model captures trial-by-trial coupling between LPP 

amplitude and BOLD within each picture category, we refer to it as the “within-category 

model”. The three regressors modeling the three picture categories consisted of 

sequences of boxcar functions with unit height placed according to the picture onset 

within the corresponding categories. The width of the boxcar functions remained the 

same as those in the “full model” (3 s). For regressors modeling trial-by-trial LPP-BOLD 

coupling, we further scaled the height of the boxcar functions with the corresponding 

mean removed single-trial LPP amplitudes within each picture category. Similar to the 
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full model described above, the six task-related regressors were convolved with a 

canonical HRF. Additional six regressors describing subjects’ head movement were 

also introduced as covariates in the model. The following contrasts were performed 

based on this model: pleasant vs. neutral, unpleasant vs. neutral, LPP-BOLD coupling 

within each category (pleasant, neutral, and unpleasant).  

Second-level analyses was performed using random effects models based on the 

statistical maps obtained from the within-subjects analyses to examine reproducible 

effects across all subjects. For conventional BOLD contrasts, the group level T-maps 

were thresholded at p < 0.05 (FDR corrected). For LPP-BOLD coupling, because it is 

derived from the trial to trial variability signal on top of the large picture-evoked 

response, and this residual variability is generally smaller than the large picture-evoked 

response and may contain other ongoing brain processes that are not related to the 

experimental task, the correlation was generally smaller and required a more relaxed 

statistical threshold. In line with recent studies using EEG-informed fMRI analysis (see, 

e.g., Debener et al., 2005; Eichele et al., 2005; Bénar et al., 2007; Scheeringa et al., 

2011), for LPP-BOLD coupling effects, the group level T-maps were thresholded at p < 

0.003 (uncorrected). A cluster-level threshold of k = 5 voxels was further imposed. 

3.3 Results 

3.3.1 ERP Analysis 

Post-experiment ratings of 12 representative pictures indicate that the subjects 

correctly distinguished the three categories of pictures (valence: pleasant = 6.5; neutral 

= 5.3; unpleasant = 2.6; arousal: pleasant = 4.7; neutral = 2.9; unpleasant = 4.0). Figure 

3-1A shows enhanced positivity for both pleasant and unpleasant pictures, relative to 
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neutral pictures, in the grand average ERP at Pz, starting from about 300 ms after 

picture onset. Since the time interval during which LPP reached a maximum was 

relatively broad, the LPP amplitude was measured by taking the mean within 300 to 600 

ms. A one-way analysis of variance on LPP amplitudes with repeated measures 

identified a significant picture category-related difference in LPP amplitudes (F(2,20) = 

23.11, p < 0.05). As further indicated by the results of post-hoc tests with Bonferroni 

adjusted significance level, the mean LPP amplitudes for both the pleasant (M = 3.153, 

SD = 1.733) and unpleasant (M = 3.090, SD = 2.048) pictures were significantly larger 

than that for the neutral pictures (M = 1.523, SD = 1.684; pleasant vs. neutral: t(10) = 

6.26, p < 0.001; unpleasant vs. neutral: t(10) = 5.65, p < 0.001). However, no significant 

difference was found in LPP amplitudes between the pleasant and unpleasant 

categories (t(10) = 0.227, p = 0.825). The ERP difference topography further confirmed 

that the positivity is strongest among parietal channels for both pleasant and unpleasant 

conditions (Figure 3-1B and 3-1C), agreeing with prior ERP studies of emotion and 

motivation (e.g. Lang and Bradley, 2010). The enhanced positivity was sustained 

throughout the duration of picture presentation for both pleasant and unpleasant 

pictures.  

Artifact-removed raw EEG data and ASEO-estimated single-trial ERPs at Pz are 

shown in Figure 3-2A and 2B for a representative subject. Displayed as raster plots in 

Figure 3-2C and Figure 3-2D, the ASEO-estimated single-trial ERPs improved signal-to-

noise ratio, and preserved the trial-by-trial dynamics of the LPP amplitude, which is 

important because the single-trial LPP amplitudes were used to correlate with BOLD 

response in subsequent analyses. The validity of the single-trial ERPs can be further 
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supported by averaging the data in Figure 3-2A and 3-2B (Xu et al., 2009; Wang et al., 

2008; Wang and Ding, 2011). The similarity between ASEO AERP and the original 

AERP indicated that the algorithm accurately estimated the single-trial ERPs from the 

raw data (Figure 3-2E). Figure 3-3A and 3-3B display single-trial LPP amplitudes as 

functions of trial index. From these two figures, one can see that, on average, the 

single-trial LPP amplitudes for both pleasant and unpleasant pictures are higher than 

those for the neutral condition, yielding further support for the grand average ERP result 

in Figure 3-1. The estimated single-trial LPP amplitudes were used to scale the boxcar 

functions to examine the relationship between LPP amplitude and BOLD (Figure 3-3C). 

3.3.2 fMRI Analysis 

The traditional fMRI group level activation maps contrasting 1) pleasant against 

neutral and 2) unpleasant against neutral picture categories are shown in Figure 3-4A 

and 3-4B. Both pleasant and unpleasant pictures activated the emotion-processing 

network, encompassing the visual cortices and deep structures. Specifically, relative to 

neutral pictures, pleasant pictures mainly activated areas in bilateral occipito-temporal 

junctions, bilateral posterior parietal cortices, medial prefrontal cortex, and left orbital 

frontal cortex. Other activated areas included fusiform gyrus, lingual gyrus, middle 

frontal gyrus, supramarginal gyrus, parahippocampal gyrus, and temporal pole (Figure 

3-4A). Unpleasant pictures mainly activated areas such as the bilateral occipito-

temporal junctions, bilateral posterior parietal cortices, bilateral ventral lateral prefrontal 

cortices, left orbital frontal cortex, bilateral amygdalae/hippocampi, insula, and 

supplementary motor area. Other activated areas included fusiform gyrus, lingual gyrus, 

supramarginal gyrus, temporal pole, and postcentral cortex (Figure 3-4B). In general, 
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the activation results agree with a previous report employing a similar experimental 

protocol (Sabatinelli et al., 2007a), and serve to demonstrate that the quality of the fMRI 

data is preserved despite the presence of the EEG recording system in the scanner. 

3.3.3 Trial-by-trial Coupling of LPP and BOLD 

To assess the coupling between the LPP amplitude and BOLD, the coefficients for 

regressors associated with LPP amplitude variations were examined. Using the “full” 

model, which combined the neutral, pleasant, and unpleasant picture categories as a 

single regressor to describe the effect of both between- and within-category LPP 

amplitude variations on BOLD, the single-trial LPP amplitude was positively correlated 

with evoked BOLD responses in bilateral occipito-temporal junctions, insula, 

amygdala/hippocampus, temporal poles, and left orbital frontal cortex (Figure 3-5A).  

Using the “within-category” model, which allowed us to examine the coupling 

between LPP and BOLD within each picture category, it was found that for the neutral 

condition, no significant coupling between single-trial LPP amplitude and BOLD existed 

among subjects. For the pleasant condition, the single-trial LPP amplitude was 

positively correlated with BOLD responses in bilateral occipito-temporal junctions, 

amygdala, temporal poles, precuneus, right nucleus accumbens (NAcc), medial 

prefrontal cortex (MPFC), and cerebellum (Figure 3-5B). For the unpleasant condition, 

the single-trial LPP amplitude was positively correlated with BOLD responses in bilateral 

ventral lateral prefrontal cortices, bilateral insula, temporal poles, precuneus, left middle 

temporal cortex, and left postcentral cortex (Figure 3-5C). Table 3-1 listed the MNI 

coordinates of these regions. It is worth noting that we did not find any structures in 
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which BOLD was negatively correlated with LPP amplitude under the same significance 

level. 

3.4 Discussion 

Emotional stimuli evoke a late positive potential (LPP) which is interpreted to 

signify enhanced attention and visual processing (Bradley, 2009). This signature ERP 

response is known to be altered in mood disorders and other related psychiatric 

illnesses (Foti et al., 2010; Leutgeb et al., 2011; Weinberg and Hajcak, 2011; Jaworska 

et al., 2012; Weymar et al., 2012). Despite the importance of LPP its neural substrate is 

not clear. ERP source localization is only partly successful (Keil et al., 2002; Sabatinelli 

et al., 2007a). This problem is addressed here by recording simultaneous EEG and 

fMRI while subjects viewed IAPS affective pictures. Extracting LPP on a trial-by-trial 

basis, the overall LPP amplitude variability across three picture categories (pleasant, 

neutral and unpleasant) was found to be correlated with BOLD responses in an 

extensive cortical and subcortical network, including visual cortices and deep emotion-

processing structures. In addition, consistent with the notion that appetitive and aversive 

information may engage different neural substrates, the brain areas where BOLD 

activity was correlated with LPP amplitude during pleasant picture viewing were not the 

same as those during unpleasant picture viewing. 

3.4.1 Methodological Considerations 

Prior investigation of the association between LPP and evoked BOLD responses 

relied on recording EEG and fMRI over separate sessions and correlating averaged 

responses across subjects (Sabatinelli et al., 2007a; Sabatinelli et al., 2012). One 

potential drawback of such an approach is that it is difficult to keep the psychological 
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and biological conditions exactly the same in different recording sessions, and moreover, 

the correlation between average LPP and BOLD does not reflect their trial-by-trial co-

variations and coupling towards individual pictures within each subject. A new 

technology, simultaneous EEG-fMRI, has become available over the past few years. As 

has been recently demonstrated (Nagai et al., 2004; Eichele et al., 2005; Debener et al., 

2005; Scheeringa et al., 2011), simultaneous EEG-fMRI is capable of overcoming these 

limitations, and has the potential to allow the interrogation of trial-by-trial associations 

between the two recording modalities. The present study benefits from another 

methodological development. Applying a recently proposed single-trial analysis 

algorithm called ASEO we were able to estimate the LPP amplitude on a trial-by-trial 

basis. The improved signal-to-noise ratio helps to more fully reveal the brain areas 

whose BOLD responses are correlated with LPP fluctuations. The ASEO algorithm has 

been tested in both monkey local field potential data (Wang et al., 2008; Xu et al., 2009) 

and human scalp EEG data (Fogelson et al., 2008; Wang and Ding, 2011; Liu et al., 

2012a, b), and proven useful to address questions arising in a number of contexts, 

ranging from the proper preprocessing of event-related data for functional connectivity 

analysis to the temporal dynamics of emotional conditioning.  

3.4.2 LPP-BOLD Coupling and Its Theoretical Significance 

The brain regions where BOLD activities co-vary with single-trial LPP amplitude 

across three picture categories reflected a joint involvement of the visual system and a 

network of structures known to be associated with emotional processing. Past source-

space modeling of LPP has only been able to identify generators in the visual system, 

including occipito-temporal, parietal, and inferior temporal cortices (Keil et al., 2002; 
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Sabatinelli et al., 2007a), despite the fact that the amplitude of LPP is closely related to 

the rated intensity of emotion (Schupp et al., 2000; Keil et al., 2002). In line with a 

recent study (Sabatinelli et al., 2012), the present study extends the prior findings by 

showing that deep structures such as the insula and the amygdala, along with visual 

structures, contribute to the generation of LPP and its amplitude modulation. These 

results provide further evidence supporting the view that emotional pictures naturally 

attract attentional resources as a result of the engagement of the fundamental 

motivational system (Cacioppo et al., 1993, 1994; Palomba et al., 1997; Lang et al., 

1997, 1998b; Schupp et al., 2000; Pastor et al., 2008; Lang and Bradley, 2010).  

The contribution to scalp-recorded potentials by the emotional processing areas 

may be modulatory and mediated by the visual cortex. It has been hypothesized that 

when observers view emotionally engaging scenes cortical and deep subcortical 

structures modulate visual cortex in a re-entrant fashion (Keil et al., 2009; Pessoa and 

Adolphs, 2010). These structures include the amygdala, insula, and prefrontal cortex 

(Rotshtein et al., 2001; Phan et al., 2002; Adolphs, 2002; LeDoux, 2003; Zald, 2003; 

Luo et al., 2007). As evidenced by recent human intracranial studies, amygdala and 

orbitofrontal cortex show fast responses to the emotional content of stimuli, which would 

enable them to provide re-entrant feedback to the visual cortices (Oya et al., 2002; 

Krolak-Salmon et al., 2004), to potentially affect the gain of visual neurons. In addition, 

the activation of emotion-related BOLD modulations in the amygdala is found to 

precede that in the fusiform gyrus, the medial occipital gyrus, and the calcarine fissure, 

consistent with the amygdala’s putative role in initiating the re-entrant interaction 

(Sabatinelli et al., 2009). Taken together, the positive correlation found in the current 
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study between single-trial LPP amplitude and BOLD activity in the amygdala, insula and 

areas in prefrontal cortex is supportive of the re-entrant hypothesis of emotional 

perception. 

3.4.3 Category-specific Network Processing 

Restricting to pictures within each valence category revealed category-dependent 

differences in regions showing LPP and BOLD coupling. For pleasant pictures, LPP 

amplitude variability was found to be linearly related to BOLD activity in bilateral 

amygdalae, whereas for unpleasant pictures, this correlation was absent. This finding 

was further corroborated by a contrast of LPP-BOLD coupling maps between pleasant 

and unpleasant conditions showing that the amygdala was preferentially engaged in 

LPP modulation in the pleasant condition. For the unpleasant pictures, the amygdala 

was found to be activated by a traditional fMRI contrast between unpleasant and neutral 

conditions, suggesting a rather constant level of amygdala activation on a trial-by-trial 

basis. Specifically, while the amygdala activity is clearly enhanced by unpleasant 

pictures as a whole, it does not co-vary with trial-by-trial LPP changes for different 

pictures within this category. This may reflect a limited response variability of the 

amygdala for unpleasant scenes or the presence of additional sources of variance that 

govern the modulation of LPP. A wider selection of unpleasant scenes may help to 

identify the potential sources of co-variation between electrophysiological measures and 

amygdala BOLD activity during aversive/defensive engagement.  

Whether amygdala responds to pleasant stimuli is debated, although several 

studies reported amygdala activation during processing of pleasant stimuli, especially 

when these stimuli have highly arousing erotica content (Lane et al., 1997; O’Doherty et 
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al., 2001; Hamann et al., 2002; Zald, 2003). In the present study, the fact that the 

amygdala was not activated in a traditional fMRI analysis by contrasting the pleasant 

with the neutral category may indicate that the overall mean amygdala BOLD response 

to pleasant pictures was small. Yet, the positive correlation between LPP amplitude and 

BOLD activities in bilateral amygdalae suggests that the BOLD fluctuations in the 

amygdala is parametrically related to intensity variations of pleasant emotional content, 

as measured by the LPP. This finding further demonstrates that combining 

electrophysiological recordings and functional imaging can yield information not 

possible with either modality alone.  

The LPP-BOLD coupling was found in MPFC and NAcc only for pleasant pictures. 

Contrasting LPP-BOLD coupling maps between pleasant and unpleasant conditions 

showed that the MPFC is preferentially coupled with LPP in the pleasant condition. In 

addition, the MPFC was activated by contrasting pleasant with neutral pictures, but the 

same region was not activated when comparing unpleasant and neutral pictures. NAcc 

and MPFC are densely interconnected (Ferry et al., 2000; Roberts et al., 2007) and 

often show correlated activities in human reward studies (Knutson et al., 2003; Rogers 

et al., 2004), leading to the view that both NAcc and MPFC are part of the human 

reward system mediating appetitive behaviors. Several studies have reported 

involvement of both structures in the perception of pleasant emotional stimuli including 

attractive faces, romance, and erotica (Aharon et al., 2001; Karama et al., 2002; 

O’Doherty et al., 2003; David et al., 2005; Ferretti et al., 2005; Sabatinelli et al. 2007b) 

as well as in vivid imagery of pleasant scenes (Costa et al., 2010). Hence, the observed 
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positive correlation between LPP amplitude and key structures in the reward system 

may reflect the contribution to the cortical potential by the appetitive system. 

For unpleasant pictures, the LPP was correlated with BOLD in insula and adjacent 

temporal and ventrolateral prefrontal cortices (VLPFC). The same regions were found to 

be active when contrasting unpleasant with neutral pictures. It has been shown 

repeatedly that the human insula is involved in tasks that challenge the representation 

of bodily states as well as processing of emotions (Craig, 2009; Gu et al., 2010; Fan et 

al., 2011), especially for aversive emotions such as disgust and threat (Phillips et al., 

1997, 1998; Adolphs, 2002; Straube and Miltner, 2011).  Reliable co-variation of the 

insula and peri-insula with the LPP during aversive perception demonstrates that these 

structures contribute to the modulation of cortical potential during aversive events. It 

also suggests that the aversive/defensive circuitry involved in processing unpleasant 

pictures is not engaged in an all-or-none fashion, but varies parametrically as a function 

of aversive motivation, indexed by the LPP amplitude. It is worth noting that insula was 

not activated when LPP-BOLD coupling maps were contrasted between pleasant and 

unpleasant conditions. In light of the finding that insula is activated during viewing of 

highly arousing pleasant stimuli (e.g. erotica; Karama et al., 2002), this may suggest 

that for pleasant pictures, insula is engaged in LPP modulation but the degree of 

modulation did not reach the level of statistical significance.  

Finally, for both pleasant and unpleasant pictures, BOLD activity in regions within 

midline parietal cortex is linearly correlated with the LPP. For pleasant pictures, the 

region that was most correlated with LPP amplitude was within the precuneus, whereas 

for unpleasant pictures, such correlation occurred in more ventral regions, particularly 
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the posterior cingulate cortex and precuneus. The involvement of these parietal regions 

is in line with electrophysiological data and with the theoretical notion of “motivated 

attention” in which features of emotionally arousing scenes attract perceptual 

processing resources (Keil et al., 2002; Keil et al., in press).  
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Table 3-1. Regions showing coupling between LPP amplitude and BOLD 

Anatomical Regions Side MNI Coordinates (x,y,z) Z-score 

Three picture categories combined:  
Occipital Cortex Left -27, -96, 3 3.33 
 Right 27, -99, 15 3.62 
Superior Temporal Cortex Left -45, -3, -6 3.51 
 Right 45, 0, -9 3.19 
Middle Temporal Cortex Left -45, -63, -3 3.00 
Inferior Temporal Cortex Right 54, -63, -12 3.18 
Insula Left -45, 9, -9 4.30 
 Right 42, -6, -6 3.83 
Orbitofrontal Cortex Left -30, 12, -15 3.33 
Amygdala/Hippocampus Left -24, -3, -24 3.07 
 Right 21, -6, -19 3.18 
Temporal Pole Left -33, -3, -42 3.10 
 Right 27, -3, -42 3.62 
    

Pleasant pictures: 
Occipital Cortex Left -33, -90, -9 3.83 
 Right 33, -87, -6 4.81 
Middle Temporal Cortex Left -53, -72, 12 3.63 
 Right 60, -60, 9 4.49 
Inferior Temporal Cortex Right 54, 63, -6 3.41 
Amygdala Left -21, 0, -18 4.28 
 Right 21, 0, -18 3.67 
Temporal Pole Left -27, 6, -21 3.94 
 Right 42, 21, -27 4.27 
Precuneus  3, -48, 57 3.75 
Medial Prefrontal Cortex Right 9, 63, 15 3.47 
Cerebellum Left -45, -63, -24 3.63 
Nucleus Accumbens Right 6,12,-9 3.36 
 
Unpleasant pictures: 
Ventral Lateral Prefrontal 
Cortex 

Left -51, 33, 0 4.19 

 Right 57, 33, 6 3.20 
Middle Temporal Cortex Right 51, -6, -15 3.60 
Temporal Pole Left -57, 0, -6 3.20 
 Right 54, 9, -9 3.63 
Insula Left -39, 9, -3 3.05 
 Right 45, 12, -6 3.39 
Precuneus Left -12, -51, 21 3.34 
Postcentral Cortex Left -27, -36, 57 3.18 
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Figure 3-1. ERP analysis. A) Grand average (n = 11 subjects) ERP showing the LPP at 
Pz with time zero set to the onset of pictures. B) The scalp topography 
showing the ERP difference between pleasant and neutral conditions. Here 
ERP was averaged within the time interval from 300 to 600 ms. C) The scalp 
topography showing the ERP difference between unpleasant and neutral 
conditions. Here ERP was averaged within the same interval. 
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Figure 3-2. Single-trial ERP analysis. A) Epoched EEG data at Pz from a representative 
subject after artifact removal. B) Single-trial ERPs estimated using ASEO 
from data shown in A. C) Raster plot of the EEG data in A (smoothed with a 
moving average across 5 trials for visualization purpose). D) Raster plot of 
single-trial ERP data in B smoothed the same way as in C. E) Comparison 
between averaged ERP (AERP) using data in A and averaged ASEO single-
trial ERPs (ASEO AERP) using data in B. 
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Figure 3-3. Single-trial LPP dynamics. A) Trial-by-trial LPP amplitude for the pleasant 
and neutral conditions. B) Trial-by-trial LPP amplitude for the unpleasant and 
neutral conditions. The horizontal axes in A and B represent the sequential 
index of picture presentation within each picture category. C) Schematic 
illustrating the use of single-trial LPP amplitude as a parametric modulation in 
GLM. The height of each boxcar function is scaled by the mean-removed LPP 
amplitude. 
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Figure 3-4. Activation maps based on BOLD contrast. A) Pleasant vs. Neutral (P vs. N) 
condition. B) Unpleasant vs. Neutral (U vs. N) condition. Activations are 
thresholded at p = 0.05 FDR corrected. PPC: posterior parietal cortex, OFC: 
orbital frontal cortex, MPFC: medial prefrontal cortex, OTJ: occipitotemporal 
junction, AMYG: amygdala, HIPP: hippocampus, TP: temporal pole, SMA: 
supplementary motor area, VLPFC: ventral lateral prefrontal cortex, INS: 
insula. 
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Figure 3-5. LPP-BOLD coupling maps where highlighted regions indicate significant 
correlation between trial-by-trial fMRI response and the corresponding single-
trial LPP amplitude. A) Pleasant, Neutral, and Unpleasant combined. B) 
Pleasant. C) Unpleasant. All maps are thresholded at p = 0.003. A cluster 
threshold k = 5 is further applied. OTJ: occipitotemporal junction, INS: insula, 
AMYG: amygdala, HIPP: hippocampus, TP: temporal pole, PCu: precuneus, 
PCC: posterior cingulate cortex, MPFC: medial prefrontal cortex, VLPFC: 
ventrolateral prefrontal cortex, NAcc: nucleus accumbens. 
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CHAPTER 4 
MODULATION OF ALPHA OSCILLATIONS IN ANTICIPATORY VISUAL ATTENTION: 

CONTROL STRUCTURES REVEALED BY SIMULTANEOUS FMRI-EEG 

4.1 Background and Significance 

Our ability to focus attention is a core cognitive faculty. Uncovering the neuronal 

mechanisms of attention remains a key challenge for neuroscience and represents an 

essential goal in the translational efforts to mitigate attention deficits in a variety of 

psychiatric and neurological disorders. Extensive research on selective attention has 

focused on stimulus-evoked responses and their attentional modulation. It is becoming 

increasingly clear that a complete understanding of attention mechanisms requires 

improved knowledge of the processes that underlie the deployment and control of 

attention in advance of sensory stimulation. In particular, how higher-order brain areas 

control sensory cortices to prospectively enhance the processing of behaviorally 

relevant signals and suppress the processing of behaviorally irrelevant distractors 

remains largely unknown. 

The modulation of posterior alpha oscillation (8 – 12 Hz) following an attentional 

cue is a robust neural marker signifying selective sensory biasing by covert attention via 

top-down mechanisms. When covert attention is directed to one side of the visual field, 

alpha oscillation is more strongly suppressed over the hemisphere contralateral to the 

attended hemifield (Worden et al., 2000; Sauseng et al., 2005; Thut et al., 2006; 

Rajagovindan and Ding, 2011). Such desynchronization and hemispheric lateralization 

of alpha are thought to reflect an increase in cortical excitability among task-relevant 

sensory cortices to facilitate upcoming input processing (Sauseng et al., 2005; Thut et 

al., 2006; Romei et al., 2008). Putative sources of the top-down control signals include 

the dorsal frontoparietal attention network and other higher-level executive regions 
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known to mediate goal-directed behaviors (Kastner et al., 1999; Shulman et al., 1999; 

Corbetta et al., 2000; Hopfinger et al., 2000; Corbetta and Shulman, 2002; Astafiev et 

al., 2003; Giesbrecht et al., 2003). Two recent studies employing repetitive transcranial 

magnetic stimulation (rTMS) showed disrupted alpha lateralization after selectively 

disturbing the activities in FEF and IPS (Capotosto et al., 2009, 2012), providing 

evidence of top-down modulation of alpha by the dorsal attention network. Evidence 

from non-perturbative testing, however, has remained scarce. 

The simultaneous EEG-fMRI technique opens avenues to address this problem. 

Resting-state studies have established the feasibility of the technique by revealing 

correlations between alpha amplitude and blood-oxygen-level-dependent (BOLD) 

activities in both the frontoparietal and default mode networks (Laufs et al., 2003a, 

2003b, 2006; Moosmann et al., 2003; Mo et al., 2013). In the present study we recorded 

simultaneous EEG-fMRI from subjects performing a cued spatial visual attention task. 

Correlating single-trial alpha power and alpha lateralization with BOLD activity across 

the entire brain, we wish to identify sources responsible for different aspects of alpha 

attentional modulation. Besides the dorsal attention network, we further hypothesized 

that the “core system” is also involved in top-down attentional modulation, in light of the 

latter’s function in mediating goal-directed behaviors (Dosenbach et al., 2006, 2007, 

2008). 

4.2 Materials and Methods 

4.2.1 Participants 

The experimental protocol was approved by the Institutional Review Board at the 

University of Florida. Eighteen right-handed college students with normal or corrected-
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to-normal vision and no history of mental disorders gave written informed consent and 

participated in the study in exchange for course credits. Data from five participants were 

excluded due to one of the following three reasons: 1) poor behavioral performance (1 

participant), 2) difficulties in following task instructions (1 participant), and 3) excessive 

body or eye movement (3 participants). The remaining thirteen participants (5 females) 

have a mean age of 19 (SD = 1.34). 

4.2.2 Paradigm 

Stimuli were displayed on a 30-inch MR-compatible LCD monitor with 60 Hz 

refresh rate which was placed outside of the scanner bore over the head of the subject. 

Participants viewed the stimulus presentation via a reflective mirror system with a 

viewing distance of approximately 230 cm. Within an experimental session, participants 

were instructed to maintain constant fixation on a white point positioned at the center of 

a gray background. Two additional points were placed at the lower left and lower right 

peripheral visual fields (5˚ lateral to the central fixation and 1.2˚ below the horizontal 

meridian) to mark the locations where target stimuli would appear. 

As illustrated in Figure 4-1, in the paradigm, each trial began with a cue presented 

slightly above the central fixation point briefly for 200 ms, which instructed the 

participant to covertly direct their attention to either the lower left or lower right visual 

field. Left-directing cue and right-directing cue has equal probability. Following a 

variable cue-target interval randomized between 2000 and 8000 ms, target stimuli 

comprised of vertical black-and-white gratings (100% contrast; 1.7˚ in viewing angle) 

were flashed briefly for 100 ms at one of the marked peripheral spatial locations with 

equal probability (50% target validity). When target stimuli appeared at the attended 
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spatial location, participants were required to discriminate the spatial frequency (5.5 vs. 

5.0 cycles per degree) of the gratings and make a speedy 2-button choice using their 

right index or middle fingers without sacrificing accuracy. Stimuli occurred at the 

unattended location were ignored. The inter-trial interval (ITI) was randomized between 

2000 ~ 8000 ms. In addition to the two instructional cues (left or right), there was a third 

type of cue in the experiment which instructed the participants to freely select the visual 

field to attend. The data from the choice cue were not analyzed here. The symmetric 

symbols used as cues, T, O and ◊, were counterbalanced across subjects. 

All participants went through a training session before the actual experiment to 

ensure that proper eye fixation as well as a reasonable level of performance could be 

maintained (above 70%). The task was divided into multiple sessions with the length of 

each session kept around six minutes to help participants maintain a constant level of 

attention within the session. The participants completed between eight and twelve 

sessions for the experiment. A short break was administered between two adjacent 

sessions. 

4.2.3 EEG Data Acquisition and Preprocessing 

Continuous EEG data was collected during the experiment with a 32-channel MR-

compatible EEG recording system (Brain Products). Thirty-one sintered Ag/AgCl 

electrodes were placed on the scalp according to the 10-20 system. One additional 

electrode was placed on the subject’s upper back to record electrocardiogram (ECG), 

which was subsequently used to remove the cardioballistic artifact during EEG 

preprocessing. The impedance from scalp channels was kept below 5 kΩ throughout 

the experiment per recommendation of the manufacturer. The EEG signal was 
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referenced to site FCz during recording and filtered online with a built-in 0.1 ~ 250 Hz 

bandpass filter. The EEG sampling (5 kHz) was synchronized with the scanner’s 

internal clock, a step important for the proper removal of the gradient artifacts in 

subsequent preprocessing. 

The initial EEG preprocessing was performed in BrainVision Analyzer 2.0 (Brain 

Products). Gradient artifact and ballistocardiogram (BCG) were corrected according to a 

modified version of the average artifact subtraction (AAS) method proposed in Allen et 

al. (1998, 2000). Specifically, the gradient artifact was corrected by first constructing an 

average artifact template over 41 consecutive volumes in a sliding-window fashion and 

then subtracting it from the raw EEG data. The BCG was removed using a similar 

approach in which R-waves were first detected and 21 consecutive ECG segments 

defined around the R-waves were averaged to produce a BCG artifact template. The 

resulting artifact templates were then subtracted from EEG data to correct for BCG 

contamination. The MR-corrected EEG data were bandpass filtered from 0.1 to 50 Hz 

and downsampled to 250 Hz before being exported to EEGLAB (Delorme and Makeig, 

2004) for further analyses. 

The continuous EEG data were epoched 500 ms before to 1500 ms after cue 

onset, according to two experimental conditions, i.e., attend-left and attend-right. Only 

trials with correct responses were included. Epochs were visually inspected for artifact 

contamination and trials containing excessive body motion or eye movement related 

artifacts were rejected. The mean trial rejection rate was 9.5%. The average number of 

artifact-free trials was 67 and 66 for attend left and attend right conditions, respectively, 

for each subject. Further EEG preprocessing using Second-Order Blind Identification 
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(SOBI) (Belouchrani et al., 1993) was applied to correct for any residual BCG, eye-

blinking, and movement related artifacts. To sharpen spatial localization, the artifact-

removed scalp voltage data was converted into reference-free current source density 

(CSD) data by calculating a 2-D spatial Laplacian (Mitzdorf 1985; Chen et al., 2011). 

4.2.4 fMRI Acquisition and Preprocessing 

MR images were acquired using a 3T Philips Achieva scanner (Philips Medical 

Systems) equipped with a 32-channel head coil. Functional images were collected 

during the experimental sessions using an echo-planar imaging (EPI) sequence with the 

following scanning parameters: repetition time (TR), 1.98 s; echo time (TE), 30 ms; flip 

angle, 80˚; field of view, 224 mm; slice number, 36; voxel size, 3.5 × 3.5 × 3.5 mm; 

matrix size, 64 × 64. The slices were oriented parallel to the plane connecting the 

anterior and posterior commissures. Image acquisition was performed during the initial 

1.85 s within each EPI volume, leaving an interval of 130 ms towards the end of each 

TR where no image acquisition was performed. This acquisition approach enables 

online visual monitoring of EEG acquisition during the period not contaminated by 

gradient artifacts.  

MRI data were processed in SPM5 (http://www.fil.ion.ucl.ac.uk/spm/). 

Preprocessing steps included slice timing correction, realignment, spatial co-registration, 

normalization, and smoothing. Slice timing correction was carried out using sinc 

interpolation to correct for differences in slice acquisition time within an EPI volume. The 

images were then spatially realigned to the first image of each session by a 6-parameter 

rigid body spatial transformation to account for head movement during acquisition. Each 

subject’s images were then normalized and registered to the Montreal Neurological 

http://www.fil.ion.ucl.ac.uk/spm/
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Institute (MNI) space. All images were further resampled to a voxel size of 3 × 3 × 3 mm 

and spatially smoothed using a Gaussian kernel with 8 mm full width at half maximum 

(FWHM). Slow temporal drifts in baseline were removed by applying a high-pass filter 

with cutoff frequency set at 1/128 Hz. Global effects were accounted for by using the 

proportional scaling approach which divides each voxel by the spatial average of signals 

from all cerebral voxels (Fox et al., 2009). 

4.2.5 EEG Spectral Analysis 

EEG power spectral density (PSD) was calculated on CSD data from 500 ms-1000 

ms after cue onset (Figure 4-2A) using the FFT-based periodogram approach. To 

average the power spectrum across subjects, the power spectrum from each subject 

was normalized by dividing the PSD by that subject’s mean alpha power from the 

attend-left condition. Such normalization was not done when correlating alpha power 

with the BOLD signal. For each subject, trial-by-trial spectral power in the alpha band 

was calculated by integrating the unnormalized single-trial power spectrum within the 

range of 8 to 12 Hz in regions of interests (ROIs) over occipitoparietal sites where alpha 

showed the strongest attentional effects (Figure 4-2B and 4-2C; left hemisphere: O1 

and P3; right hemisphere: O2 and P8). For trials rejected during preprocessing because 

of EEG artifacts, we used the mean alpha power calculated within the same condition 

as substitutes, to allow for regression with trial-by-trial BOLD activity in subsequent 

EEG-informed fMRI analysis (Novitskiy et al., 2011).  

To measure alpha asymmetry, a single-trial alpha hemispheric lateralization index 

was defined as (Thut et al., 2006):  
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Ipsilateral ROI Contralateral ROI

All ROIs from every condition

Index( )
( )mean

. 

(4-1) 

The above lateralization index measures the percentage difference between single-trial 

alpha amplitudes from ROIs ipsilateral and contralateral to the attended visual field. The 

index is positive in general with larger values indicating stronger lateralization of alpha 

due to attention. 

4.2.6 EEG-informed fMRI Analysis 

The coupling between alpha and BOLD was examined using general linear 

models (GLMs). In total, seven task-related regressors were included in the GLM: Two 

regressors separately modeled BOLD activities related to leftward and rightward cues 

with correct responses, two additional regressors modeled BOLD responses to target 

stimuli appearing on the left and right visual fields, a fifth regressor was added to model 

trials with incorrect responses, and finally, trials for the “choice” condition were also 

modeled but not analyzed in the current study. 

Coupling effects between alpha attentional modulation and BOLD was introduced 

into the GLM by adding parametric modulations on regressors modeling the cues. Three 

separate GLMs were constructed for this purpose. The first two GLMs each included a 

single set of parametric modulations on the cue regressors to model the coupling effects 

from contralateral and ipsilateral alpha, respectively. In this case, new regressors were 

generated in the attend left and right conditions with the height of the stick functions 

modeling each trial scaled by mean removed single-trial alpha power sampled from the 

contralateral or ipsilateral ROIs. To model the interaction between BOLD and the 

degree of alpha hemispheric lateralization, a single parametric modulation from the trial-
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to-trial alpha lateralization index was introduced to the third GLM on regressors 

modeling the cues. All task-relevant regressors were convolved with a canonical 

hemodynamic response function (HRF) to allow for comparisons with the recorded 

BOLD signal. Six movement-related regressors were further incorporated into the 

design matrix to regress out residual signal variance from head movement.  

At the individual subject level, the coupling between BOLD and alpha modulation 

was assessed by examining, via t-contrasts, the significance of the coefficients related 

to the regressors with alpha power modulations. At the group level systematic alpha-

BOLD coupling was assessed via a second-level random effects analysis using a one-

sample t-test. The group-level cue-evoked fMRI activations were thresholded at p < 

0.05 corrected for multiple comparisons by controlling the false discovery rate (FDR). 

For alpha-BOLD coupling analysis, as it detects linear dependency between alpha and 

the residual fluctuation in BOLD on top of the task-evoked effects, the group-level 

statistical parametric maps were thresholded at p < 0.001, uncorrected. A cluster-level 

threshold of k = 5 voxels was further imposed. The selection of the statistical threshold 

for group level random effects analysis was in line with recent EEG-informed fMRI 

analysis (Laufs et al., 2003; Debener et al., 2005; Eichele et al., 2005; Scheeringa et al., 

2011; Liu et al., 2012a). 

4.3 Results 

Thirteen subjects performed the task according to instructions. The mean 

accuracy rates, defined as the ratio between the number of correctly performed trials 

and the total number of trials, were 85.4% and 86.0% for attend left and attend right 

conditions, respectively.  
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4.3.1 Attentional Modulation of Alpha 

For the analysis window chosen (500 – 1000 ms), posterior alpha on both 

hemispheres was lower than the pre-cue baseline (500 ms) (Figure 4-2B), with stronger 

decrease in alpha power over the scalp region contralateral to the attended hemifield 

(Figure 4-2A; left hemisphere: t(12) = -2.1462, p < 0.05; right hemisphere: t(12) = -

1.9145, p < 0.05). Topographically, the difference in the degree of alpha suppression 

between two hemispheres gave rise to the hemispheric lateralization pattern seen in 

Figure 4-2C, in which alpha power from the attend-right condition was subtracted from 

the attend-left condition. 

4.3.2 BOLD Activations Evoked by the Cue 

The cue evoked significant BOLD activations within the dorsal attention network, 

including bilateral frontal eye fields (FEF), intraparietal sulci (IPS), and regions within 

the superior parietal lobule (SPL) (Figure 4-2D). This activation pattern, in conjunction 

with the post-cue lateralization of alpha, indicated that participants properly allocated 

their covert attention according to instructions. Other regions activated during the 

anticipatory period included the supplementary motor area (SMA), precuneus, and 

regions in the occipital lobe near area MT+ (Table 4-1). 

4.3.3 BOLD-Alpha Coupling: Negative Correlations 

Combining attend-left and attend-right conditions, the contralateral alpha was 

negatively correlated with BOLD in bilateral IPS, left middle frontal gyrus (MFG), left 

ventral occipital cortex (VO), and right inferior and middle temporal gyrus (IT/MTG). 

Relaxing the statistical threshold to p < 0.005, uncorrected, regions in the calcarine 

sulcus (CaS), bilateral VO, and bilateral crus II regions of the cerebellum further showed 
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negative correlation with contralateral alpha (Figure 4-3A; Table 4-2). For ipsilateral 

alpha fewer regions showed negative BOLD-alpha correlation (Figure 4-3B; Table 4-2). 

In addition, the activated voxels in the left and right IPS clusters were 42 and 4 for 

ipsilateral alpha, compared to 80 and 106 for contralateral alpha, suggesting that the 

coupling between IPS and ipsilateral alpha is weaker. It is worth noting that no coupling 

was observed between alpha and FEF.   

4.3.4 BOLD-Alpha Coupling: Positive Correlations 

For contralateral alpha, areas showing positive BOLD-alpha correlation included 

regions within the post-central gyrus (postCG) and anterior middle temporal gyrus 

(MTG), whereas for ipsilateral alpha, BOLD in medial prefrontal cortex (MPFC) and 

adjacent cortices in the superior frontal gyrus (SFG) showed positive correlation (Figure 

4-4A, B; Table 4-2). These regions were located primarily in the sensorimotor cortices 

or in the default mode network. 

4.3.5 Coupling between Alpha Lateralization Index and BOLD 

Analysis above focuses on alpha in individual hemispheres. The degree of alpha 

lateralization, defined as ipsilateral alpha minus contralateral alpha, assesses the alpha 

difference between the two hemispheres and is an important indicator of attention 

control with greater alpha lateralization signifying more efficient attention control (Thut et 

al., 2006; Hӓndel et al., 2011). Correlating the trial-by-trial alpha lateralization index with 

BOLD activity, we found positive correlation between alpha lateralization index and 

BOLD activity in regions within the dorsal anterior cingulate cortex (dACC) as well as 

adjacent areas of MPFC and superior frontal gyrus (SFG) (Figure 4-5; Table 4-2). 

These regions, especially dACC have been hypothesized to be part of a core or task 
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control network responsible for maintaining executive control over the ongoing task 

(Dosenbach et al., 2006). No region was found to be negatively coupled with the alpha 

lateralization index. 

4.4 Discussion 

Top-down attentional control enhances the processing of attended stimuli by 

biasing the sensory cortices before stimulus onset. The lateralization of alpha 

oscillations is a manifestation of this biasing action in both visual (Worden et al., 2000; 

Sauseng et al., 2005; Thut et al., 2006) and somatosensory domains (Anderson and 

Ding, 2011; Haegens et al., 2011). The present work examined the brain structures that 

contribute to the modulation of visual alpha oscillations during anticipatory attention by 

recording simultaneous EEG-fMRI from human subjects performing a cued spatial 

visual attention task. Correlating hemispheric alpha power and cross-hemisphere alpha 

lateralization with concurrently recorded BOLD, we showed that (1) alpha decrease was 

mainly associated with BOLD increases in bilateral IPS and visual areas, (2) alpha 

decrease was also associated with BOLD decreases in the sensorimotor cortices and 

the default mode network, and (3) the degree of alpha lateralization was positively 

coupled with BOLD in dACC.   

4.4.1 Alpha and Dorsal Attention Network 

During spatial visual attention, alpha is generally decreased over posterior scalp 

regions contralateral to the direction of attention, reflecting increased visual cortical 

excitability and a readiness to process sensory input (Sauseng et al., 2005; Thut et al., 

2006; Grent-’t-Jong et al., 2011; Rajagovindan and Ding, 2011). One putative source of 

attentional modulation of alpha is the dorsal attention network, which is hypothesized to 
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generate and maintain a top-down expectation signal to selectively bias visual cortical 

activity (Corbetta and Shulman, 2002). Here, we provided further evidence showing that, 

along with visual cortices, increased BOLD in bilateral IPS was found to be coupled with 

desynchronized alpha on both ipsilateral and contralateral hemispheres during the 

anticipatory period. Our result, obtained nonperturbatively, is consistent with two recent 

studies employing rTMS showing disrupted posterior alpha desynchronization following 

interference of preparatory activities in FEF and IPS, core regions within the dorsal 

attention network (Capotosto et al., 2009, 2012).   

Whether successful attention allocation is largely achieved by an enhancement of 

task-relevant visual cortices or a suppression of task-irrelevant areas is still debated. 

Evidence in terms of anticipatory alpha is mixed with some studies observing decreased 

alpha contralateral to the attended location (Sauseng et al., 2005; Thut et al., 2006) 

while others document primarily an alpha increase contralateral to the unattended 

location (Worden et al., 2000; Yamagishi et al., 2003; Kelly et al., 2006). In the present 

study, we observed alpha decreases on both hemispheres with respect to the baseline, 

with stronger decrease in the contralateral hemisphere. The stronger negative coupling 

between contralateral alpha and BOLD in IPS, compared to ipsilateral alpha, appears to 

suggest that top-down attentional mechanisms operated mainly by enhancing neuronal 

activities within task-relevant visual cortices (Corbetta and Shulman, 2002). However, 

unlike the paradigm used in the present study, alpha increases over areas contralateral 

to the unattended locations are often observed in tasks demanding active suppression 

of distractors at unattended locations (Yamagishi et al., 2003; Kelly et al., 2006). 

Therefore, a plausible explanation for the discrepancy is that the control of alpha is 
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mediated by the task demand and stimulus content at the to-be-ignored location with 

different degrees of task difficulty engaging different levels of alpha modulation on each 

hemisphere (Kelly et al., 2006). 

4.4.2 Alpha and Task-Irrelevant Networks 

Posterior alpha in the current study is found to be positively correlated with BOLD in 

sensorimotor cortices as well as regions within the default mode network, meaning that 

elevated visual cortical excitability, as indicated by decreased posterior alpha, is 

accompanied by decreased activities within task-irrelevant cortices in other sensory or 

cognitive modalities. This positive coupling suggests that attention to the visual domain 

disengages networks in other task-irrelevant domains to protect the ongoing visual task. 

Such a “push-pull” mechanism has been observed in past studies mainly in relation to 

sensory modalities (Klimesch, 2007; Jensen and Mazaheri, 2010). For example, visual 

alpha is found to be increased when attention is directed to the somatosensory 

(Haegens et al., 2010; Anderson and Ding, 2011) or the auditory domains (Foxe et al., 

1998; Fu et al., 2001; Bollimunta et al., 2008). Higher levels of alpha activity within 

visual cortices were associated with enhanced performance toward auditory stimuli 

(Bollimunta et al., 2008). The current study extends this mechanism to include the 

default mode network which is known to mediate non-sensory self-referential processes 

(Buckner et al., 2008). Note that even in resting-state, during which external task level is 

kept at the minimum, a positive coupling between spontaneous visual alpha fluctuations 

and BOLD in the default network was reported, demonstrating an intrinsic dynamic 

interaction between differential cortical systems (Mayhew et al., 2013; Mo et al., 2013).  
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4.4.3 Differential Roles of IPS and FEF in Controlling Alpha 

A somewhat surprising finding is that alpha power was not coupled with BOLD in 

FEF, suggesting differential roles of FEF and IPS in modulating visual alpha. This 

finding is consistent with a recent dynamic causal modeling study showing direct 

modulation of the visual cortex by IPS instead of FEF (Vossel et al., 2012). Further, 

rTMS on IPS, but not FEF, has been shown to induce a paradoxical increase in alpha 

during anticipatory attention (Capotosto et al., 2009). Taken together, the coupling 

between IPS and visual alpha found in our study might suggest that IPS, in contrast to 

FEF, engages in directly modulating visual cortical excitability. Although a host of 

studies have reported involvement of FEF in modulating visual cortices during attention 

(Ruff et al., 2006, 2008; Bressler et al., 2008; Capotosto et al., 2009), it is possible that 

such involvement reflects an indirect engagement of FEF in modulating visual cortices, 

through changes in inter-regional EEG synchrony rather than regional alpha 

desynchronization (Sauseng et al., 2005, 2011). 

4.4.4 The Role of dACC in Anticipatory Visual Attention 

When comparing two hemispheres, the degree of alpha lateralization is positively 

coupled with BOLD activity in dACC, and the coupling is not spatially selective, in that 

higher activity in dACC is associated with increased alpha lateralization regardless of 

the direction of attention. To date, the exact role of dACC in visual anticipatory attention 

is largely unknown, despite prior studies documenting its involvement in tasks requiring 

voluntary attentional orienting (Shulman et al., 2003; Fan et al., 2007; Aarts et al., 2008; 

Corbetta et al., 2008). Studies examining dACC’s function across multiple task domains 

suggest that dACC is part of a “core system” or “task control network” engaging in 
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maintaining a global task-set to mediate goal-directed behavior (Dosenbach et al., 2006, 

2007, 2008; Corbetta et al., 2008; Sakai, 2008). This network, containing dACC and 

bilateral anterior insula (aI), is hypothesized to independently send out top-down signals 

to other domain-specific executive areas to ensure the proper allocation of resources to 

support various task-specific behaviors (Shulman et al., 2003; Crottaz-Herbette and 

Menon, 2006; Dosenbach et al., 2006; Walsh et al., 2010; Wen et al., 2012). Within the 

domain of attentional control, although alpha on each individual hemisphere might show 

divergent patterns of synchronization and desynchronization, studies have proposed 

that the global allocation of attentional resources is reflected in the lateralization of 

alpha over two hemispheres (Thut et al., 2006; Hӓndel et al., 2011). Hence, the positive 

correlation between BOLD in dACC and alpha lateralization found in the current study is 

key evidence indicating that dACC maintains the “attentional-set” during target 

anticipation and mediates attentional deployment to facilitate overall task performance. 

4.4.5 Summary 

The current study contributes to our understanding of the top-down mechanisms of 

attention by providing nonperturbative evidence demonstrating the involvement of 

frontoparietal attention and executive regions in modulating posterior alpha oscillations 

during anticipatory attention. It also distinguishes the differential roles of parietal and 

frontal regions in modulating posterior alpha and the topological organization of the top-

down mechanisms. By identifying regions positively coupled with posterior alpha, this 

study further provides evidence suggesting a mechanism of active inhibition over task-

irrelevant sensory and cognitive modalities (Klimesch et al., 2007). Finally, by combining 

imaging modalities, a role of dorsal ACC in anticipatory attentional control is suggested. 
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Table 4-1. Event-related activations following cue onset 

Anatomical Regions Hemisphere MNI Coordinates (x,y,z) Z-score 

Frontal Eye Field Left -24, -3, 57 3.56 
 Right 39, 0, 57 4.15 
Intraparietal Sulcus Left -33, -48, 42 4.10 
 Right 27, -57, 51 5.13 
MT+ Left -48, -69, -15 5.25 
 Right 51, -72, -12 5.24 
Precuneus Left -6, -57, 57 3.78 
 Right 6, -54, 54 3.98 
Supplementary Motor Area Left -9, 12, 51 3.16 
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Table 4-2. Coupling between alpha and BOLD with attend left and right combined 

Anatomical Regions Hemisphere MNI Coordinates (x,y,z) Z-score 

Negative coupling between BOLD and contralateral alpha  
Intraparietal Sulcus Left -33, -69, 57 4.81 
 Right 39, -51, 54 4.33 
Inferior and Middle Temporal 
Gyrus 

Right 60, -33, -15 4.21 

Middle Frontal Gyrus Left -39, 42, 33 3.71 
Ventral Occipital Cortex Left -35, -81, -17 4.17 
 Right 42, -84, -15 3.25* 
Calcarine Sulcus  9, -87, 0 3.65* 
Crus II of Cerebellum Left -12, -81, -39 4.35 
 Right 3, -81, -33 2.88* 
    
Negative coupling between BOLD and ipsilateral alpha 
Intraparietal Sulcus Left -30, -63, 39 4.01 
 Right 36, -63, 51 3.42 
Crus II of Cerebellum Left -21, -75, -42 3.41 
    
Positive coupling between BOLD and contralateral alpha 
Post-central Gyrus Left -48, -12, 24 4.59 
 Right 60, -12, 39 4.48 
Middle Temporal Gyrus Left -57, -9, -18 3.67 
    
Positive coupling between BOLD and ipsilateral alpha 
Medial Prefrontal Cortex Right 15, 48, 33 4.47 
    
Positive coupling between BOLD and alpha lateralization index 
Dorsal Anterior Cingulate Cortex Right 6, 24, 39 3.45 
Medial Prefrontal Cortex Right 15, 51, 27 3.92 
Superior Frontal Gyrus Left -21, 36, 39 3.69 

*: p < 0.005. 
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Figure 4-1. An illustration of the sequence of events within a trial. Following cue onset, 
participants covertly directed their attention toward either left of right hemifield 
while maintaining eye fixation on the central point. Targets were flashed 
briefly at one of the marked locations after a variable inter-stimulus interval. 
Participants were required to discriminate the thickness of the stripes and 
make a forced 2-button choice only when targets appeared on the attended 
location. At the end of each trial, participants were also prompted to report the 
hemifield they attended to. 
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Figure 4-2. Attentional modulation of alpha power and BOLD. A) Grand average power 
spectral density from occipital channels (O1 and O2) showing modulation in 
the alpha frequency band (8 – 12 Hz) during 500 – 1000 ms after cue onset. 
B) Scalp topography showing alpha desynchronization during Attend Left and 
Attend Right, respectively. C) Difference topography between Attend Left and 
Attend Right showing alpha asymmetry during covert shifting of attention. D) 
BOLD activation showing the engagement of dorsal attention network during 
the post-cue anticipatory period. Activation map is plotted according to the 
neurological convention with left shown on the left side. FEF: frontal eye field; 
IPS: intraparietal sulcus; SPL: superior parietal lobule; SMA: supplementary 
motor area. 
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Figure 4-3. Negative coupling between BOLD and alpha with Attend Left and Right 
combined. A)  Regions exhibiting negative coupling with contralateral alpha 
during voluntary attention (top-row and middle tow correspond to p < 0.001 
and p<0.005, uncorrected, respectively). B) Regions showing negative 
coupling between BOLD and ipsilateral alpha (p < 0.001, uncorrected). IPS: 
intraparietal sulcus; MFG: middle frontal gyrus; IT: inferotemporal gyrus; MTG: 
middle temporal gyrus; VO: ventral occipital cortex; CaS: calcarine sulcus; 
Crus II: crus II of cerebellum. 
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Figure 4-4. Positive coupling between BOLD and A) contralateral alpha and B) 
ipsilateral alpha with Attend Left and Right combined. The statistical 
parametric maps are thresholded at p < 0.001, uncorrected. MPFC: medial 
prefrontal cortex; MTG: middle temporal gyrus; postCG: post-central gyrus; 
SFG: superior frontal gyrus.   

 

 

 
 

Figure 4-5. Coupling between BOLD and alpha lateralization index. A) Sagittal slices 
showing a region in dorsal anterior cingulate cortex (dACC) which is positively 
correlated with alpha lateralization. B) Coronal slices showing the same 
region in dACC along with adjacent regions in superior frontal sulcus (SFS) 
and medial prefrontal cortex (MPFC). 
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CHAPTER 5 
CONCLUSIONS 

Neurophysiological signals contain a substantial amount of variability across 

multiple repeated experimental trials. Traditionally, researchers treat such trial-to-trial 

variability as task-irrelevant noises and the corresponding ensemble averaging 

procedure tends to average out such variability. However, recent studies have shown 

that the trial-to-trial variability bears important information about the dynamics of the 

underlying cognitive processes (Chen et al., 2006). The simple ensemble averaging 

procedure cannot resolve such detailed information. Therefore, single-trial estimation 

techniques provide a promising tool to analyzing the trial-to-trial variability inherent in 

neurophysiological signals. This dissertation employed a recently developed single-trial 

analysis algorithm, ASEO (Xu et al., 2009), to study the functional implications 

associated with the trial-to-trial variability in both the EEG and BOLD domain along 

three studies. 

 In the first study, we sought to study the trial-by-trial dynamics of the sensory 

facilitation process during classical aversive conditioning. We for the first time 

characterized the detailed temporal dynamics of the learning process within a 

conditioning block by estimating and comparing the trial-by-trial evolving patterns of 

single-trial P1 amplitudes between CS+ and CS–. Specifically, three distinct phases of 

P1 modulation as a function of experimental trials were identified as conditioning 

progresses, with P1 amplitude showing differential modulating patterns between CS+ 

and CS– within each phase. In contrast to a prior study employing traditional ERP 

measures that reported no conditioning-related modulation of P1 (Stolarova et al., 2006), 

the difference in temporal dynamics of P1 amplitudes found in this study between the 
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CSs was a strong indication that conditioning modulates neuronal activities in the 

extrastriate cortex, albeit in a complex way. Moreover, the fact that P1 amplitudes 

showed a complex trial-to-trial temporal dynamics in the conditioning block suggests 

that prior emotional experience acts to increase both the reactivity and efficiency of 

sensory cortices, possibly in a sequential way with the increase phase reflecting 

increased reactivity and the final habituating phase reflecting enhanced network 

efficiency. Such temporal dynamics of sensory modulation is further in line with the 

prediction error theory of attention during conditioning (Pearce and Hall, 1980), which 

predicts that subjects’ level of attention tends to decrease if the level of uncertainty 

decreases, leading to facilitation of increasingly early stages of visual processing as 

learning progresses (Keil, 2004). Given that the extrastriate cortex receives re-entrant 

projections from the amygdala (Amaral and Price, 1984), it is likely that the preferential 

sensory sensitization toward CS+ originated from such re-entrant modulations from the 

amygdala, which has also been found to exhibit habituation after repeated CS-

presentations (Büchel and Dolan, 2000). 

In the second study, we incorporated ASEO single-trial ERP estimation with EEG-

informed fMRI analysis to investigate brain structures contributing to the scalp-recorded 

LPP. Areas contributing to either the generation or modulation of LPP were identified by 

testing for significant correlations between single-trial LPP amplitudes with concurrently 

measured single-trial BOLD activities throughout the entire brain. We found that areas 

positively correlated with LPP amplitude consisted of both the visual cortex and other 

areas known to be involved in emotional processing, such as the orbitofrontal cortex, 

insula, and amygdala. This suggests that emotional processing naturally attracts 
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processing resources and activates an extensive network reflecting the engagement of 

the fundamental motivation system. Restricting our analyses into positive and negative 

categories of emotions, we found categorical-specific differences in regions showing 

LPP and BOLD coupling, which indicates that the underlying structures giving rise to the 

LPP differ across emotion categories despite they all elicit the LPP with similar temporal 

dynamics and scalp topography.  

It is worth noting that prior studies have attempted to locate the potential 

generators of the LPP using EEG source localizing techniques (Keil et al., 2002; 

Sabatinelli et al., 2007b). Yet these studies were only partly successful because EEG 

source localizing techniques in general have relatively low spatial resolution and more 

importantly, it could not resolve information coming from distant subcortical structures 

which are usually critical in emotional processing. Recent studies have also examined 

this problem by correlating LPP with fMRI acquired from a separate experimental 

session in a cross-subjects fashion (Sabatinelli et al., 2007b, 2013). One potential 

drawback of such an approach is that it is difficult to control the psychological and 

biological conditions to be exactly the same in different recording session. In addition, 

the correlation between the average LPP across subjects and BOLD does not reflect 

their trial-by-trial co-variations in a within-subjects fashion. Given the above, the single-

trial estimation combined with simultaneous EEG-fMRI employed in this study was 

capable of overcoming these limitations and was proven useful in revealing brain areas 

contributing to scalp-recorded EEG features.  

Finally in the third study, we identified cortical areas contributing to two aspects of 

the trial-to-trial attentional modulation of posterior alpha, desynchronization and 
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hemispheric lateralization, via the EEG-informed fMRI analysis similar to that employed 

in the second study. Main regions modulating posterior alpha desynchronization during 

attention was found to include bilateral intraparietal sulci (IPS) and the left middle frontal 

gyrus (MFG), core regions within the attention system. Yet interestingly, the frontal eye 

field, also being part of the dorsal attention network, was not found to contribute to 

alpha desynchronization, suggesting differential roles of frontal and parietal regions in 

modulating posterior alpha. The fact that a stronger negative coupling was found 

between BOLD and contralateral alpha, compared to ipsilateral alpha, suggests that 

top-down attentional mechanisms operated mainly by enhancing neuronal activities 

within task-relevant visual cortices. On the other hand, regions within the sensorimotor 

cortices and the default mode network showed positive coupling with alpha, suggesting 

a mechanism of active inhibition over task-irrelevant networks. Last but not least, the 

alpha hemispheric lateralization was correlated with BOLD activity in the dorsal anterior 

cingulate cortex (dACC) for both attend left and right conditions, providing key evidence 

indicating the dACC’s role in maintaining a global attentional-set to facilitate overall 

deployment of attentional resources among task- relevant and irrelevant cortices.  
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