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Abstract

The ability to regulate the emotional response to threat is critical to healthy emotional function. 

However, the response to threat varies considerably from person-to-person. This variability may 

be partially explained by differences in emotional processes, such as locus of control and affective 

state, which vary across individuals. Although the basic neural circuitry that mediates the response 

to threat has been described, the impact individual differences in affective state and locus of 

control have on that response is not well characterized. Understanding how these factors influence 

the neural response to threat would provide new insight into processes that mediate emotional 

function. Therefore, the present study used a Pavlovian conditioning procedure to investigate the 

influence individual differences in locus of control, positive affect, and negative affect have on the 

brain and behavioral response to predictable and unpredictable threat. Thirty-two healthy 

volunteers participated in a fear conditioning study in which predictable and unpredictable threat 

(i.e., unconditioned stimulus) were presented during functional magnetic resonance imaging 

(fMRI). Locus of control showed a linear relationship with learning-related ventromedial 

prefrontal cortex (PFC) activity such that the more external an individual’s locus of control, the 

greater their differential response to predictable versus unpredictable threat. In addition, positive 

and negative affectivity showed a curvilinear relationship with dorsolateral PFC, dorsomedial 

PFC, and insula activity, such that those with high or low affectivity showed reduced regional 

activity compared to those with an intermediate level of affectivity. Further, activity within the 

PFC, as well we other regions including the amygdala, were linked with the peripheral emotional 

response as indexed by skin conductance and electromyography. The current findings demonstrate 

that the neural response to threat within brain regions that mediate the peripheral emotional 

response are modulated by an individual’s affective state as well as their perceptions of an event’s 

causality.
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1. Introduction

The ability to effectively respond to threats in the environment is critical for healthy 

emotional function. The response to a threat, however, can vary depending on the 

circumstances in which the threat occurs. For example, an unpredictable threat elicits a 

larger emotional response than a predictable threat (Knight et al., 2011). The response to 

threat also varies considerably from one person to another and appears to be influenced by 

individual differences in emotion-related processes. For example, the emotional response to 

threat varies with aspects of anxiety (Grillon et al., 1993; Knight et al., 2011; Wood et al., 

2012, 2013). Anxious behavior, however, is influenced by a number of characteristics that 

vary across individuals. For example, locus of control (i.e., the degree to which an individual 

believes events are internally versus externally controlled) and affective state (i.e., the 

degree to which an individual experiences positive and negative emotions in daily life) also 

vary from person-to-person and appear to influence anxious behavior (Chorpita & Barlow, 

1998; Gros et al., 2007; Rotter, 1966; Watson et al., 1988). Therefore, individual differences 

in locus of control and affective state may also explain variability in the response to threat. 

However, there is limited prior research on whether inter-subject variability in locus of 

control, positive affect, and negative affect influence the neural processes that mediate 

expression of the emotional response. Thus, determining whether individual differences in 

these attributes influence the response to threat would provide important insight into 

emotion-related processes.

Pavlovian conditioning is a procedure often used to investigate emotional learning and 

memory processes. During Pavlovian fear conditioning, an originally innocuous cue 

(conditioned stimulus; CS) is typically paired with an innately aversive stimulus 

(unconditioned stimulus; UCS) that produces a reflexive response (unconditioned response; 

UCR). Repeated pairing of the CS and UCS then comes to elicit a conditioned response 

(CR) in anticipation of the UCS. Expression of a CR is typically used to index learning, 

while the UCR is often considered an unlearned response. The UCR, however, also shows 

learning-related modulation. For instance, prior Pavlovian conditioning research has 

demonstrated learning-related changes in brain and behavioral responses to predictable 

compared to unpredictable threat (Baxter et al., 1966; Canli et al., 1992; Dunsmoor et al., 

2008). These studies have demonstrated a diminished UCR once the CS-UCS relationship 

has been learned, a process known as conditioned UCR diminution (Dunsmoor et al., 2008; 

Kimmel et al., 1967; Knight et al., 2010, 2011; Wood et al., 2012). Thus, as the threat (i.e., 

the UCS) becomes predictable, the response to the threat (i.e., the UCR) is modulated 

(Bouton et al., 2001; Domjan, 2005; Wagner & Brandon, 1989). Interestingly, these studies 

have also found a relationship between UCR expression and negative affect indexed by the 

State-Trait Anxiety Inventory (STAI; Spielberger, 1983; Knight et al., 2011; Wood et al., 

2012) suggesting individual differences in emotional disposition modulate the response to 

threat. However, questions regarding whether the emotional response to threat also varies 

with locus of control and positive affect, independent of negative affect, remain unanswered.

Previous research has often taken a categorical approach to the study of anxious behavior. 

For example, clinical research has traditionally investigated groups with versus without 

anxiety disorders. This line of research has demonstrated important differences in both brain 
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and behavior between patient and healthy control groups (Monk et al., 2006; Phan et al., 

2005; Thayer et al., 1996; Zhao et al., 2007). Even in relatively healthy samples, prior work 

has often separated participants into groups of “high” and “low” anxiety. These studies have 

typically found a larger emotional response in “high” compared to “low” anxiety 

participants (Cook et al., 1992; Grillon et al., 1993; Smith et al., 2005). This categorical 

division of “high” and “low” anxiety groups however may not fully capture subtleties in the 

degree to which individual differences in anxiety impact the emotional response.

Therefore, more recent research has focused on differences between individuals, and has 

demonstrated that brain and behavioral data vary with indices of anxiety in a graded, rather 

than all or none, manner (Carre et al., 2013; Knight et al., 2011; Sehlmeyer et al., 2011; 

Wood et al., 2012). For example, functional magnetic resonance imaging (fMRI) research 

has shown graded changes in the blood-oxygen-level-dependent (BOLD) response that 

varies with the negative affect indexed by the STAI (Bishop et al., 2004, 2008; Wood et al., 

2012; Vytal et al., 2014). Specifically, the BOLD response within prefrontal cortex (PFC), 

inferior parietal lobule (IPL), and amygdala often show a linear relationship to STAI scores 

(Bishop et al., 2008; Etkin et al., 2004; Klummp et al., 2011; Wood et al., 2012). Further, 

functional connectivity studies have found the connectivity strength between areas that 

include the PFC and amygdala varies with STAI scores (Wheelock et al., 2014; Vytal et al., 

2014). This prior work suggests negative affect influences brain processes that mediate the 

emotional response. Prior research, however, has given limited attention to positive affect 

which varies independently of negative affect, and may also influence the emotional 

response (Brown et al., 1998; Gros et al., 2007). Thus, determining the impact of individual 

differences in positive and negative affectivity on BOLD fMRI and behavioral responses to 

threat may provide new insight into neural processes that mediate the emotional response.

Most prior work has focused on identifying linear relationships between the brain and 

behavior. However, non-linear brain-behavior relationships have also been observed. For 

example, prior emotion research has demonstrated a curvilinear relationship between 

emotional stimuli, psychophysiological responses, and the BOLD response (Bradley et al., 

2001a, 2003; Lang et al., 1998; Wood et al., 2014). It is also well established that there is a 

curvilinear relationship between emotional arousal and many aspects of cognitive and 

behavioral performance (Dickman, 2002; Yerkes & Dodson, 1908). In addition, individuals 

with an “internal” locus of control show increased responses to uncontrollable threats and 

decreased responses to controllable threats, while those with an “external” locus of control 

show the opposite pattern (Bonnilli et al., 2004; Lundberg & Frankhausser, 1978). Further, 

brain structure also varies with locus of control. For example, hippocampal volume 

increases as locus of control increases (Preussner et al., 2005). This suggests the fMRI 
signal response may also be influenced by an individual’s locus of control. Taken together, 

these findings suggest that locus of control may also modulate brain and behavioral 

responses to threat. Thus, brain regions that mediate expression and regulation of emotion 

may show linear or non-linear relationships with locus of control and affective state.

The present study used a Pavlovian conditioning procedure to investigate the effect of 

individual differences in locus of control, positive affect, and negative affect on the 

emotional (i.e., brain and behavioral) response to predictable and unpredictable threat. 
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Previous work has demonstrated differences in brain and behavioral responses to 
predictable and unpredictable threat (Dunsmoor et al., 2008; Knight et al., 2010, 2011; 
Wood et al., 2012). Individual differences in locus of control and affective state may 
influence learning-related changes in the brain and behavioral response to threat. 
However, these differences may also impact the response to threat independent of 
learning. Therefore, the present study focused on both learning-related changes in the 
response to threat and the response to threat in general. Given the role of the amygdala, 

hippocampus, PFC, IPL, and insula in emotional processes, we hypothesized the fMRI 
signal response would vary linearly or curvilinearly with locus of control, positive 

affect, and negative affect. Further, we hypothesized that learning-related changes in the 
neural response would vary (linearly and/or curvilinearly) with individual differences 
in locus of control, positive affect, and negative affect.

2. Methods

2.1 Participants

Thirty-six healthy participants were recruited from the Birmingham-Metropolitan area. All 

participants provided written informed consent as approved by the University of Alabama at 

Birmingham Institutional Review Board. Four participants were excluded from all analyses 

for issues affecting general data quality (e.g., failure to follow instructions, non-

responsiveness, and excessive movement). Thus, 32 healthy participants were included in 

the final analyses (12 female, 20 males; 14 Caucasian, 18 African-American; age: M = 

18.84, SEM = 0.16, range = 17 – 22 years).

2.2 Stimuli

CS (10s duration) presentations consisted of two pure tones (700 Hz and 1300 Hz). One CS 

(CS+) co-terminated with the UCS (100-dB white noise, 0.5 s duration), while the other CS 

(CS-) was presented without the UCS. In addition, the UCS was also presented alone (UCS 

alone) on some trials. A total of 72 conditioning trials (18 s inter-trial interval) were 

presented across two fMRI scans (36 trials per scan; 12 CS+, 12 CS-, 12 UCS alone trials). 

Stimuli were presented in a pseudorandom order such that no more than two trials of any 

stimulus (CS+, CS-, and UCS alone) were presented consecutively. This study focused on 

brain and behavioral responses to the UCS (i.e., the threat) when it followed the CS+ (i.e., 

the CS+UCS) and when the UCS was presented alone (i.e., the UCS alone). Therefore, all 

analyses are related to trials in which a UCS was presented (i.e., CS+UCS and UCS alone). 

The response to the CS+ and CS-are important for understanding anticipatory processes that 

are not the focus of the present report, and will be presented separately.

2.3 Positive and Negative Affect Schedule

Participants completed the Positive and Negative Affect Schedule (PANAS; Watson et al., 

1988). The PANAS is a self-report measure consisting of 20 questions related to positive 

and negative affect (10 questions assessing positive affect, 10 questions assessing negative 

affect) scored on a one (not very likely) to five (very likely) Likert scale. Positive affect 

refers to the degree to which the participant’s experiences are pleasurable (e.g., interested, 

happy, etc.) while negative affect refers to the degree to which the participant’s experiences 
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are unpleasant (e.g., upset, distressing, etc.). PANAS scores were computed as the sum of 

each affect schedule (positive affect or negative affect) for participants’ affective state in 

general.

2.4 Locus of Control

Participants’ locus of control was assessed via Rotter’s Locus of Control Questionnaire 

(Rotter, 1966). The questionnaire consists of 29 items with dichotomous answers that assess 

the degree to which one’s attributions of an event’s causality is internal (e.g., the individual 

caused the event) or external (e.g., the environment caused the event).

2.5 Skin Conductance Response and Electromyography

SCR and electromyography (EMG) data were collected using an MRI compatible Biopac 

MP150 data acquisition system (Biopac Systems; Goleta, CA). SCR data were sampled (10 

KHz) from the thenar and hypothenar prominence of the nondominant hand. Analyses were 

performed offline using Biopac AcqKnowledge 4.1 software as described previously 

(Knight & Wood, 2011). In short, a 1 Hz low pass filter was applied and data were 

resampled at 250 Hz. Unconditioned SCRs (calculated as the onset to peak during the 10s 

after UCS presentation) were calculated as the difference in the participants’ skin 

conductance level at response onset from the peak skin conductance during the response. 

SCRs below 0.05 µS were scored as zero. SCR data were square-root transformed prior to 

statistical analyses.

EMG data were sampled (10 KHz) from the lower orbital portion of the left orbicularis 

oculi. One electrode was placed below the pupil, and the second electrode was placed lateral 

to the first (Blumenthal et al., 2005). Analyses were performed offline using Biopac 

AcqKnowledge 4.1 software based on previous guidelines (Blumenthal et al., 2005; Cook 

and Miller, 1992). The raw EMG signal was Fast Fourier Transformed to remove frequency 

domains containing noise (60 Hz Band-Stop filter, 28–400 Hz Kaiser-Bessel Band-Pass 

filter, combined band-stop filter at fMRI fundamental frequency of 17 Hz). The 

unconditioned EMG response was calculated as the difference between the mean EMG 

response during the 20 ms after UCS onset and the maximum response during the 21–150 

ms after UCS onset (Blumenthal et al., 2005). We used a linear mixed-effect models to 
assess the relationship between the self-report scores (i.e., locus of control, positive 

affect, and negative affect to assess linear relationships, and each 2nd-order term to assess 

curvilinear relationships), threat predictability, and the psychophysiological response 
(i.e., SCR and EMG). A linear mixed-effects model was created to assess the influence of 
the self-report scores (i.e., locus of control, positive affect, and negative affect to assess 

linear relationships, and each 2nd-order term to assess curvilinear relationships) and threat 
predictability on SCR. A second model was created to assess the influence of the self-

report scores (i.e., locus of control, positive affect, and negative affect to assess linear 

relationships, and each 2nd-order term to assess curvilinear relationships) and threat 
predictability on EMG.
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2.6 UCS Expectancy

UCS expectancy was measured continuously (40 Hz sampling rate) throughout conditioning 

as described in prior work (Knight & Wood, 2011). A rating scale ranging from 0 to 100 

was displayed on an IFIS-SA LCD monitor (Invivo Crop.; Gainesville FL) using 

Presentation software (NeuroBehavioral Systems, Inc.; Albany, CA). Participants’ rated 

their expectation of UCS presentation using a rating bar on a 0 (certain the UCS would not 

be presented) to 100 (certain the UCS would be presented) scale using an MRI compatible 

joystick (Current Designs; Philadelphia, PA). UCS expectancy was calculated as the average 

expectancy rating during the 1s before UCS onset. A linear mixed-effects model was 
created to assess the influence of the self-report scores (i.e., locus of control, positive 

affect, and negative affect to assess linear relationships, and each 2nd-order term to assess 

curvilinear relationships) and threat predictability on UCS expectancy.

2.7 Functional Magnetic Resonance Imaging

MRI scans were obtained on a 3T Siemens Allegra scanner. High resolution anatomical 

scans (MPRAGE) were collected in the sagittal plane (TR=2300 ms, TE=3.9 ms, flip 

angle=12°, FOV=25.6 cm, matrix=256×256, slice thickness=1 mm, 0.5 mm gap). The 

blood-oxygen-level-dependent (BOLD) fMRI signal was measured with a gradient-echo 

echoplanar pulse sequence in an oblique axial orientation (TR=2000 ms, TE=30 ms, flip 

angle=70°, FOV=24 cm, matrix=64×64, voxel size=3.75 × 3.75 × 4 mm, no gap). Data 

analyses were performed with the Analysis of Functional NeuroImages (AFNI) software 

package (Cox, 1996). Echoplanar image (EPI) time-series data were corrected for slice-

timing offset, motion corrected, spatially smoothed with a 4 mm full-width-at-half-

maximum Gaussian filter, and concatenated. On average, less than 1 mm of motion was 

observed during the scanning session (M = 0.63, SEM = 0.04). TRs were assessed for high 

motion by detrending the time series of each voxel up to three Legendre polynomials. The 

resulting trend was used to calculate the median absolute deviation, which was used to 

compute voxel-wise outliers. Outliers were defined as voxels with values that deviated more 

than five times the median absolute deviation. Whole-brain volumes in which more than 

three percent of voxels were outliers were then temporally censored.

Functional maps were generated at the individual participant level using a general linear 

regression. Activity was modeled with a gamma variate hemodynamic response function 

with reference waveforms for all stimuli (i.e., CS+, CS-, CS+UCS, UCS alone) and 

regressors to account for participant head motion and joystick movement. Regressors of 

interest for this study modeled the BOLD response to the UCS (i.e., CS+UCS and UCS 

alone). Percent signal change was used as an index of the amplitude of the BOLD response 

to UCS presentation. Data were then normalized to the Talairach and Tournoux stereotaxic 

coordinate system (Talairach and Tournoux, 1988), resampled (i.e., 1 mm3 resolution), and 

group level analyses were completed.

Functional maps representing the UCR in percent BOLD signal change elicited by the CS

+UCS and UCS alone trials were included in group level analyses with locus of control and 

PANAS scores. A single linear mixed effects model assessed the relationship between the 

unconditioned fMRI signal response to threat and the self-report scores (i.e., locus of 
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control, negative affect, positive affect, and each variables 2nd-order term). An 
additional linear mixed effects model assessed the relationship between the unconditioned 

fMRI signal response and the behavioral (i.e., SCR and EMG) response. All group level 
analyses were performed using AFNI’s 3dLME program.

Functional MRI analyses were restricted using an anatomical mask based on the Talairach 

and Tournoux coordinate system (Talairach and Tournoux, 1988) to a priori regions of 

interest (ROI) based on prior work from our laboratory (Dunsmoor et al., 2008; Knight et 

al., 2010; Wheelock et al., 2014; Wood et al., 2012, 2013). These regions included the PFC, 

IPL, posterior cingulate, insula, hippocampus, and amygdala. Monte Carlo simulations were 

performed with AFNI’s 3dClustSim program (Cox, 1996) using a voxel wise threshold of p 

< 0.01 and a cluster volume of 736 mm3 (equivalent to 13 voxels at the originally acquired 

3.75 mm x 3.75 mm x 4 mm resolution) to determine the corrected significance threshold of 

p < 0.05.

3. Results

3. 1 Self-Report Questionnaires

PANAS and Rotter’s Locus of Control questionnaires were included in linear mixed effects 
analyses on brain and behavioral data to assess the influence of locus of control, positive 

affect, and negative affect on these measures. All correlations between locus of control, 
positive affect, and negative affect were nonsignificant (all p > 0.05; Table S1). Prior to 
analyses, all predictor variables were mean-centered around zero. Polynomial terms 
were then created from the mean-centered data. One participant was excluded as an 

outlier from the analyses because of the influence of their data on the model solutions (i.e., 

leverage values greater than 0.5; Chatterjee & Hati, 1986; Rousseeuw & Leroy, 2005). 

Positive affect (M = 34.22, SD = 8.66, range = 12 – 49), negative affect (M = 15.91, SD = 

4.97, range = 10 – 25), and locus of control (M = 11.09, SD = 3.77, range = 3 – 17) scores 

for the remaining participants were similar to those reported in prior work (Henry and 

Crawford, 2004; Rotter, 1966).

3.2 UCS Expectancy

The linear mixed effects model revealed differences in UCS expectancy between CS+UCS 

and UCS alone trials (Figure 1a). The contrast revealed that UCS expectancy was greater on 

CS+UCS (predictable) trials than UCS alone (unpredictable) trials (F (1,24) = 155.37, p < 

0.001). The model did not reveal any significant relationships between the self-report 
scores (i.e., locus of control, positive affect, and negative affect) and UCS expectancy 
ratings (all F < 1.00).

3.3 Skin Conductance Response

SCR data for one participant was incomplete due to technical failure. This participant was 

therefore excluded from the SCR analyses. The linear mixed effects model revealed a 

significant difference between unconditioned SCR to CS+UCS (predictable) and UCS alone 

(unpredictable) trials (Figure 1b) (F (1,23) = 6.94, p < 0.01). Specifically, UCR magnitude 

was reduced to the CS+UCS compared to the UCS alone. The model did not reveal any 
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significant relationships between the self-report scores (i.e., locus of control, positive 
affect, and negative affect) and SCR (all F < 1.00).

3.4 Electromyography

The linear mixed-effects model revealed a differential EMG response to CS+UCS 

(predictable) versus UCS alone (unpredictable) trials (Figure 1c). A significant difference 

was observed between EMG activity to the CS+UCS versus UCS alone (F (1,24) = 10.76, p 
< 0.001). Specifically, EMG activity was potentiated by the CS+UCS compared to the UCS 

alone, demonstrating predictability influenced the unconditioned EMG response to threat. 

The model did not reveal any significant relationships between the self-report scores 
(i.e., locus of control, positive affect, and negative affect) and EMG (all F < 1.00).

3.5 Functional MRI

3. 5.1 Individual Differences in the Average Unconditioned fMRI Signal 
Response

3.5.1.1 Linear Relationships with Average fMRI Signal Response: The linear mixed 
effects model revealed the unconditioned fMRI signal response within several brain regions 

varied with positive and negative affect (Table 1 & Figure 2). Specifically, a positive linear 

relationship was observed between positive affect and the average UCR within the superior 

frontal gyrus (SFG) and dlPFC (Figure 2). A significant positive relationship was also 

observed between negative affect and the unconditioned fMRI signal response within the 

dlPFC and dmPFC. No significant relationship was observed between locus of control and 

the average response to threat (all p > 0.05 corrected). These findings indicate that as 

positive and negative affect increase, the neural response to threat increases within the PFC.

3.5.1.2 Curvilinear Relationships with Average fMRI Signal Response: The linear 
mixed effects model also revealed that positive and negative affect varied curvilinearly with 

brain activity (Table 1 & Figure 3). Specifically, a curvilinear relationship was observed 

between positive affect and the unconditioned fMRI signal response within the dlPFC and 

SFG. A curvilinear relationship was also observed between negative affect and the 

unconditioned fMRI signal response within the SFG, dmPFC, and insula. No significant 

curvilinear relationship was observed between locus of control and the average response to 

threat (all p > 0.05 corrected). These results indicate positive and negative affect have a non-

linear relationship with the unconditioned fMRI signal response in several brain regions.

3.5.2 Individual Differences in the Differential Unconditioned fMRI Signal 
Response

3.5.2.1 Linear Relationships with the Differential fMRI Signal Response: The linear 
mixed effects model revealed linear effects between locus of control and the differential 

response to the UCS (i.e., conditioned UCR diminution) within bilateral vmPFC (Table 1 & 

Figure 4). Specifically, as locus of control became more external, differential activity in the 

vmPFC increased. The linear mixed effects model revealed that the fMRI signal response 

to the UCS alone did not vary with locus of control, while a negative relationship was 

observed between locus of control and the fMRI signal response to the CS+UCS, suggesting 
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the effect is mediated by predictable threat. No linear relationships were observed between 

positive or negative affect and the differential unconditioned fMRI signal response (all p > 

0.05 corrected). Taken together, these data suggest that as individuals move along the 

spectrum of internal to external locus of control, the response to predictable threat decreases 

within the vmPFC.

3.5.2.2 Curvilinear Relationships with Differential fMRI Signal Response: Significant 

curvilinear effects between the self-report scores and the differential unconditioned fMRI 

signal response were also observed (Table 1). Specifically, there was a curvilinear 

relationship between locus of control and differential BOLD activity within the dlPFC and 
ventrolateral PFC (vlPFC). The linear mixed effects model revealed a curvilinear 

relationship between locus of control and the unconditioned fMRI signal response to CS

+UCS trials but not the UCS alone, within these regions. A significant curvilinear 

relationship between negative affect and conditioned UCR diminution in the dlPFC and 
SFG was also observed. Specifically, a curvilinear relationship between negative affect and 

the unconditioned fMRI signal response to CS+UCS trials, but not the UCS alone. No 

significant relationship was observed between positive affect and the differential response to 

threat. Taken together, these results suggest that locus of control and negative affect interact 

with stimulus predictability to influence the unconditioned fMRI signal response to threat 

within the PFC.

3.5.3 Brain and Psychophysiological Response to Threat

3.5.3.1 Linear Relationships between Brain and Psychophysiological Response: A 
separate linear mixed effects model compared unconditioned SCR and EMG to the fMRI 

signal response. We observed brain regions that showed linear, curvilinear, or both effects 

between the unconditioned SCR, EMG, and fMRI signal response (Table 1). A significant 

positive linear effect was observed between the unconditioned SCR and the unconditioned 

fMRI signal response within the dlPFC, dmPFC, IPL, insula, posterior cingulate, and 

amygdala. A significant positive linear relationship was also observed between the 

unconditioned EMG response and the unconditioned fMRI signal response within the 

dmPFC, dlPFC, vlPFC, IPL and insula. This data is consistent with results from other 

studies suggesting that these brain regions mediate the emotional response to threat (Cheng 

et al., 2003, 2006, 2007; Knight et al., 2005; Wood et al., 2012, 2014).

3.5.3.2 Curvilinear Relationships between Brain and Psychophysiological Response: A 

significant curvilinear effect was also observed between unconditioned SCR (Figure 5) and 

the fMRI signal response. Specifically, unconditioned SCR varied curvilinearly with the 

fMRI signal response in the dmPFC, vlPFC, vmPFC, and IPL. We also observed a 

curvilinear relationship between the unconditioned EMG and fMRI signal response within 

dmPFC, dlPFC, vlPFC, and posterior cingulate. Due to the relatively small volume of 

both the amygdala and hippocampus, we performed follow-up analyses in which each brain 

structure was anatomically masked and corrected for multiple comparisons in relation to 

their relatively smaller volume. A significant curvilinear effect was observed between the 

unconditioned fMRI signal response in the amygdala and the unconditioned SCR. No 
relationship was observed between the unconditioned fMRI signal response in the 

Harnett et al. Page 9

Neuroimage. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



hippocampus and the unconditioned SCR. No curvilinear relationships between the 
unconditioned fMRI signal response in the amygdala or hippocampus and 
unconditioned EMG were observed (all p < 0.05). Taken together, these results suggest 

the unconditioned behavioral response shares a curvilinear relationship with the 

unconditioned fMRI signal response to threat in several brain regions.

3.5.3.3 Relationships between Differential Brain and Psychophysiological Response: 
The linear mixed effects model assessed the effect of the unconditioned SCR and EMG on 

the differential (i.e., UCS alone minus CS+UCS) fMRI signal response. No significant 
linear or curvilinear relationships were observed (p > 0.05, corrected).

4. Discussion

The ability to effectively respond to threats in our environment is important for healthy 

emotional function. However, the response to threat varies considerably from person-to-

person. This variability may be explained, in part, by individual differences in factors that 

influence emotional processes, such as locus of control and affective state. However, the 

neural substrates that mediate the effect of locus of control and affective state on the 

response to threat are not well characterized. Therefore, the current study investigated the 

relationship that individual differences in locus of control and affective state have with the 

neural (i.e., BOLD fMRI) and behavioral (i.e., SCR, EMG, UCS expectancy) response to 

threat. The present findings demonstrate learning-related changes of the fMRI signal 

response within the vmPFC that vary with an individual’s perceptions of personal control. 

The results also suggest an individual’s affectivity modulates activity within other prefrontal 

brain regions responsible for regulating the emotional response to threat (i.e., dlPFC and 

dmPFC). Taken together, these findings suggest that prefrontal brain regions mediate the 

influence cognitive-affective predispositions have on threat-relevant learning and the 

subsequent emotional response.

A novel finding from the current study is that stimulus predictability and locus of control 

interacted to influence brain activity within the vmPFC. The vmPFC is a central component 

of a PFC – amygdala network that regulates the emotional response (Delgado et al., 2008; 

Denny et al., 2014; Hartley & Phelps, 2010; LeDoux, 2000; Ochsner et al., 2012). 

Functionally, the vmPFC is inversely coupled with the amygdala, such that vmPFC activity 

is associated with inhibition of the amygdala. In turn, amygdala activity controls the 

peripheral emotional response (Cheng et al., 2003; Knight et al., 2005; Urry et al., 2006). 

Thus, the vmPFC appears to modulate learning-related changes in the emotional response. 

Specifically, prior research has demonstrated activity within the vmPFC that varies with 

learning-related processes that facilitate emotion regulation (Dunsmoor et al., 2008; Knight 

et al., 2010; Phelps et al., 2004; Quirk et al., 2000; Sierra-Mercado et al., 2006; Wood et al., 

2012, 2013). Consistent with this prior work, the present findings show learning-related 

changes in vmPFC activity that are associated with learning-related changes in 

unconditioned SCR. Interestingly, we also observed that as individuals move along the 

spectrum of internal to external locus of control, the response to predictable threat decreased 

within the vmPFC. Locus of control represents an individual’s perceptions about an event’s 

causality, and an external locus of control has been linked to failures of emotion regulation 
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(Burger, 1984; Johnson & Sarason, 1977; Rotter, 1966). Thus, the decreased vmPFC activity 

associated with an external locus of control may reflect a diminished ability to regulate the 

emotional response to predictable threat. The present study suggests that learning-related 

changes in the emotional response are mediated by the vmPFC, and these changes are 

influenced by an individual’s perceptions of control.

In addition to the positive linear relationship between locus of control and brain activity, we 

also observed positive linear relationships between affective state and brain activity within 

dlPFC and dmPFC. Specifically, we observed a positive linear relationship between 

negative affect and brain activity within right dlPFC and dmPFC, and a positive linear 

relationship between positive affect and brain activity within bilateral dlPFC and left SFG. 

Dorsolateral PFC and dmPFC appear to support emotion regulation via top-down processes 

(Ochsner et al., 2005; Silvers et al., 2013). These brain regions are also involved in 

processes that support selective attention and negative reactions to threatening stimuli, and 

are modulated by negative affectivity as measured by the STAI (Bishop et al., 2009; Kalisch 

& Gerlicher, 2014; Shackman et al., 2011; Wood et al., 2012). Thus, this prior work 

suggests affectivity may influence the selective attention processes mediated by the PFC. 

Interestingly, individuals with elevated anxiety tend to show hypervigilance to threats within 

their environment (MacLeod, 1986; Mogg et al., 2004; Mogg & Bradley, 1998). The linear 

relationships we observed between affectivity and PFC activity in the present study suggest 

the dlPFC and dmPFC may mediate the hypervigilance to threat that typically accompanies 

elevated negative affectivity.

Interestingly, we observed laterality differences in the relationships negative and positive 

affect have with dlPFC activity. Specifically, while positive affectivity varied with both left 
and right dlPFC activity, negative affectivity varied only with right dlPFC activity. 

Previous emotion research has demonstrated laterality differences within the PFC related to 

affective information processing, wherein the right hemisphere was predominately 
associated with negative emotion (i.e., avoidance processes), while the left was 

predominately associated with positive emotion (i.e., approach processes) (Schwartz et al., 

1978; Allen et al., 2001; Davidson & Irwin, 1999; Davidson, 2004). Thus, the present 

findings are consistent with prior work that suggests left and right hemispheres of the PFC 

differentially contribute to affective processing.

Curvilinear effects were also observed between affective state (i.e., PANAS) and the neural 

response within the dmPFC, dlPFC, and insula. Specifically, individuals with relatively high 

and low affectivity showed a diminished neural response to threat compared to those with an 

intermediate level of affectivity. These results suggest that individual differences in 

affectivity may have a non-linear impact on the brain activity that supports emotion 

regulation processes. Nonlinearity between brain function and behavior has been previously 

reported (Buchel et al., 1998; Elliot et al., 2003). For example, prior work has demonstrated 

visual cortex activity varies curvilinearly with the emotional valence of stimuli while medial 

PFC activity varies curvilinearly with reward value (Bradley et al., 2003; Elliot et al., 2003). 

Non-linear relationships have also been observed in psychophysiological indices of the 

emotional response (Bradley et al., 2001a, 2001b; Wood et al., 2014), wherein high arousal 

pleasant and unpleasant images elicit greater SCR than neutral images. This increased SCR 
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is likely due to changes in amygdala activity that mediates expression of the peripheral 

emotional response (Cheng et al., 2003, 2006; Knight et al., 2005), and these findings are 

consistent with the view that the PFC’s ability to regulate amygdala activity is modulated by 

an individual’s affectivity.

The current study demonstrated both linear and curvilinear relationships between brain and 

behavioral responses to threat. Our findings are largely consistent with prior research that 

has demonstrated the amygdala, insula, PFC, IPL and PCC control and regulate important 

components of the emotional response (Baskin-Sommers et al., 2012; Hurleman et al., 2015; 

Kalisch & Gerlicher, 2014; Knight et al., 2005; LeDoux, 2000; Ochsner et al., 2005; 

Robinson et al., 2014; Wood et al., 2012). However, the present study demonstrates that 

there are a variety of linear and curvilinear relationships between cognitive-affective 

function, brain activity, and behavioral responses. Thus, the specific dynamics by which 

these various relationships result in the final peripheral emotional response requires further 

investigation. More specifically, future research should aim to determine the relative 

contributions of the various linear and curvilinear brain-behavior relationships to the final 

observed psychophysiological response. For instance, it is well established that the 

amygdala is important for learning-related modulation of the peripheral emotional response 

via descending projections to the hypothalamus (Critchley, 2002; Cheng et al., 2003; 

Helmstetter et al., 1992; Helmstetter & Bellgowan, 1994; Knight et al., 2005). However, the 

hypothalamus also receives projections from other brain regions, such as the PFC (Buijs & 

Van Eden, 2000; Floyd et al., 2001). Specifically, the vmPFC has direct projections to 

hypothalamus, as does the amygdala, to trigger the peripheral emotional response (Buijs & 

Eden, 2000). Therefore, PFC and amygdala projections to the hypothalamus appear to act in 

tandem to control somewhat independent aspects of the peripheral emotional response. 

Thus, the peripheral emotional response is likely a combination of multiple brain regions 

that support distinct cognitive-affective processes working together. This view is consistent 

with previous work that has found functional coupling between PFC, amygdala, and 

hypothalamic activity (Grecius et al., 2003; Kilpatrick et al., 2006; Wheelock et al., 2014). 

However, the relative contributions of these and other brain regions, as well as how these 

contributions vary across cognitive-affective tasks, to the final peripheral emotional 

response requires further study.

Conclusions

The present study demonstrates that cognitive-affective predispositions (i.e., locus of control 

and affective state) modulate threat-related activity within brain regions that mediate the 

emotional response to threat. Specifically, perceptions of control influenced learning-related 

activity within the vmPFC. Further, positive and negative affectivity varied with threat-

related activation within dlPFC and dmPFC, such that a diminished neural response was 

observed in those with relatively low and high affectivity. Interestingly each of these 

prefrontal brain regions plays an important role in the regulation of the emotional response. 

The present study demonstrates the importance of considering the effect cognitive-affective 

predispositions have on the brain-behavioral response. Understanding these relationships 

may be particularly important for understanding emotion-related disorders in which altered 
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cognitive-affective processes may have a profound impact on the formation of conditioned 

threat-related associations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations footnote

CS conditioned stimulus

UCS unconditioned stimulus

CS+ CS that predicts the UCS

CS- CS that predicts the omission of the UCS

CS+UCS UCS that follows the CS+

CR conditioned response

UCR unconditioned response

SCR skin conductance response

PFC prefrontal cortex

IPL inferior parietal lobule

PCC posterior cingulate cortex
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Highlights

• Individual differences in the learning-related threat response were investigated.

• The peripheral emotional response varied with threat predictability.

• Learning-related ventromedial PFC activity varied with locus of control.

• Threat-related neural activity varied with affectivity in a curvilinear fashion.
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Figure 1. 
Learning-related differences in the behavioral response to threat. a) UCS expectancy was 

greater to predictable (CS+UCS) than unpredictable (UCS alone) trials. b) Unconditioned 

SCR amplitude was diminished on predictable compared to unpredictable trials (i.e., 

conditioned UCR diminution). c) EMG response was potentiated on predictable compared to 

unpredictable trials. The graphs depict the mean UCS Expectancy, SCR, and EMG response 

to CS+UCS (predictable) and UCS alone (unpredictable) trials. Error bars reflect the within-
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subjects standard error of the mean (SEM) (Loftus and Masson, 1994). Asterisk indicates a 

significant difference.
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Figure 2. 
Unconditioned fMRI signal and affective state. Brain activity to the UCS (average of the CS

+UCS and UCS alone) varied linearly with negative affect within the right dlPFC (a), and 

with positive affect in the left dlPFC (b). Graphs depict the relationship between fMRI 

signal (% change) and PANAS (positive and negative affect) scores.
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Figure 3. 
Unconditioned fMRI signal and affective state. Activity (average to CS+UCS and UCS 

alone) within the superior frontal gyrus varied curvilinearly with positive affect (a), and 

activity within the insula varied curvilinearly with negative affect (b). Graphs depict the 

relationship between fMRI signal (% change) and PANAS (positive and negative affect) 

scores. Gray dots represent scatter plot of individual participant scores. Black dots represent 

the % signal change binned by PANAS (positive and negative affect) scores for the top, 

middle, and bottom third of participants. Error bars reflect the standard error of the mean. 

Black line represents curvilinear line of best fit.
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Figure 4. 
Ventromedial PFC and locus of control. The differential unconditioned fMRI signal 

response within the vmPFC varied with participants’ locus of control, such that as locus of 

control became more external, the differential response (i.e., UCS alone minus CS+UCS) 

increased. Graph depicts the relationship between fMRI signal (% change) and locus of 

control scores.
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Figure 5. 
Functional MRI signal and behavior. Threat-related brain activity (average of the CS+UCS 

and UCS alone) varied curvilinearly with participants’ unconditioned SCR within the 

amygdala. Graph depicts the relationship between fMRI signal (% change) and SCR. Gray 

dots represent scatter plot of individual participant’s SCR (excluding non-responders). Black 

dots represent the % signal change binned by unconditioned SCR for the top, middle, and 

bottom third of participants. Error bars reflect the standard error of the mean. Black line 

represents curvilinear line of best fit.
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