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Abstract 34 

It has long been established that individuals with anxiety disorders tend to overgeneralize 35 

attributes of fearful stimuli to non-fearful stimuli, but there is little mechanistic understanding of 36 

the neural system that supports overgeneralization. To address this gap in our knowledge, this 37 

study examined effect of experimentally-induced anxiety in humans on generalization using the 38 

behavioral pattern separation (BPS) paradigm. Healthy subjects of both sexes encoded and 39 

retrieved novel objects during periods of safety and threat of unpredictable shocks, while we 40 

recorded brain activity with fMRI. During retrieval, subjects were instructed to differentiate 41 

among new, old, and altered images. We hypothesized that the hippocampus and dorsolateral 42 

prefrontal cortex (dlPFC) would play a key role in the effect of anxiety on BPS. The dlPFC but 43 

not the hippocampus showed increased activity for altered images compared to old images when 44 

retrieval occurred during periods of threat compared to safe. In addition, accuracy for altered 45 

items retrieved during threat was correlated with dlPFC activity. Together these results suggest 46 

that overgeneralization in anxiety patients may be mediated by an inability to recruit the dlPFC, 47 

which mediates the cognitive control needed to overcome anxiety and differentiate between old 48 

and altered items during periods of threat.  49 

  50 
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Significance statement 51 

Anxiety and PTSD patients generalize fear to non-fearful fear stimuli, making it difficult to 52 

regulate anxiety. Understanding how anxiety affects generalization is key to understanding the 53 

overgeneralization experienced by these patients. We examined this relationship in healthy 54 

subjects by studying how threat of shock impacts neural responses to previously encountered 55 

stimuli. Although previous studies point to hippocampal involvement, we found that threat 56 

impacted activity in the dorsolateral prefrontal cortex (dlPFC), rather than the hippocampus, 57 

when subjects encountered slightly altered versions of the previously encountered items. 58 

Importantly this dlPFC activity predicted performance for these items. Together these results 59 

suggest that the dlPFC is important for discrimination during elevated anxiety, and that 60 

overgeneralization may reflect a deficit in dlPFC mediated cognitive control.  61 

  62 
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Introduction 63 

The ability to distinguish between threatening and nonthreatening events is critical for the 64 

regulation of anxiety (Grillon et al., 2009; van Meurs et al., 2014). Individuals with stress or 65 

anxiety disorders tend to overgeneralize attributes of fearful stimuli to perceptually similar but 66 

non-fearful stimuli (Cha et al., 2014; Laufer et al., 2016). Individuals with PTSD especially 67 

suffer from this difficulty, often experiencing intense flashbacks when they encounter trauma 68 

reminders (Levy-Gigi et al., 2012, 2015; Kostek et al., 2014; Anastasides et al., 2015). 69 

Therefore, a better mechanistic understanding of generalization and discrimination, and their 70 

interaction with anxiety is key to understanding the debilitating overgeneralization. A key feature 71 

of anxiety is that it exists along a continuum across in the population, and can be experimentally 72 

manipulated in healthy individuals. This feature makes it possible to test specific hypotheses 73 

regarding the influence of anxiety on cognitive processes using the well-validated threat of shock 74 

paradigm. This paradigm allows the researcher to induce sustained periods of elevated anxiety in 75 

healthy individuals (Grillon, 2008; Schmitz and Grillon, 2012), thus bridging the gap between 76 

pre-clinical work in non-human animals and clinical work in hard-to-recruit patient populations 77 

(Insel, 2014).  78 

One approach to understanding overgeneralization in anxiety is to consider the processes 79 

involved in generalization, behavioral pattern separation (BPS) (Stark et al., 2013; van Hagen et 80 

al., 2014), and then develop hypotheses based on these processes. In BPS, individuals must 81 

discriminate between items previously encountered (old) and subtle variations on these items 82 

(altered). The ability to identify these altered items amongst a stream of new, old, and altered 83 

items indexes an individual’s tendency toward generalization (Rolls and Kesner, 2006; Rolls, 84 

2013a, 2013b). A link between BPS and stimulus generalization is suggested by basic findings in 85 
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rodents (Sahay et al., 2011b; van Hagen et al., 2014) and by the recent finding in humans that 86 

threat of shock during item retrieval impairs pattern separation (Balderston et al., 2015). These 87 

results suggest that state anxiety impacts an individual’s discrimination ability, potentially 88 

leading to overgeneralization. BPS has been consistently linked to specific circuits in CA3 and 89 

the dentate gyrus (Leutgeb et al., 2007; Sahay et al., 2011a; Doxey and Kirwan, 2014), making 90 

this structure a prime candidate to offer a mechanistic explanation of the effect of anxiety on 91 

BPS.  92 

An alternative approach to understanding overgeneralization in anxiety is to consider the 93 

common symptoms seen in anxious patients (Eysenck et al., 2007), and then develop a 94 

hypothesis about how these symptoms might impact generalization processes. It is well known 95 

that individuals with PTSD and anxiety disorders suffer from deficits in attentional control 96 

(Armstrong et al., 2011; Price et al., 2011; Berggren and Derakshan, 2013a; Najmi et al., 2014). 97 

This attentional control deficit can also impact performance on other tasks like those that require 98 

working memory (Balderston et al., 2016b), and this deficit is manifest in a reduced ability to 99 

recruit activity in the dorsolateral prefrontal cortex (Balderston et al., 2016b; Kaczkurkin et al., 100 

2016), a region known to support cognitive control (Geier et al., 2007; Barbey et al., 2013; León-101 

Domínguez et al., 2015). Therefore according to this account, anxiety leads to overgeneralization 102 

because it taxes cognitive resources needed to make difficult discriminations based on subtle 103 

differences in stimulus characteristics.  104 

Therefore, the purpose of this study is to test these possibilities by investigating the effect 105 

of anxiety on pattern separation in healthy individuals using threat of shock. Subjects encoded 106 

and retrieved novel objects during periods of safety and threat of unpredictable shocks, while we 107 

recorded brain activity with fMRI. During retrieval, subjects were instructed to differentiate 108 
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between new, old, and altered images. According to the impaired pattern separation hypothesis, 109 

subjects should show decreased hippocampal activity to altered items during threat. According to 110 

the attention control hypothesis, subjects should show increased activity in the dlPFC to altered 111 

items retrieved during threat, which is needed to overcome their anxiety and identify the subtle 112 

changes in these stimuli.  113 

Methods 114 

Participants 115 

Forty-one participants were recruited from the DC Metropolitan area to take part in this 116 

study. Inclusion criteria were 1) no current Axis 1 psychiatric disorder as assessed by the SCID-117 

1/NP (American Psychiatric Association, 2013), 2) no medical condition that interfered with the 118 

objective of the study as assessed by a physician, 3) no use of illicit drugs or psychoactive 119 

medications according to verbal history and negative urine toxicity screening, 4) no brain 120 

abnormality on MRI as assessed by a radiologist, and 5) right-handedness. Seven participants 121 

were excluded from data analysis, two for failing to respond during the retrieval runs, two 122 

because of computer error during data collection, and two for excessive head movement (i.e. > 123 

10% of TRs censored; See fMRI preprocessing section) in the scanner.  The final analysis 124 

included 32 participants (14 females, age: M = 28.43, SD = 1.30). All participants gave written 125 

informed consent approved by the National Institute of Mental Health (NIMH) Combined 126 

Neuroscience Institutional Review Board and were compensated for their time.  127 

Materials 128 

Stimuli. Images were selected from the Amsterdam Library of Object Images 129 

(Geusebroek et al., 2005), a database that contains 1000 images of household objects (cereal box, 130 

plant, stuffed toy, etc.) photographed at varying eccentricities. Each subject saw 160 randomly 131 
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selected images. All images during encoding were photographed at a 45-degree eccentricity, as 132 

were the old images presented at retrieval. Altered images presented at retrieval were randomly 133 

selected to appear at either a 15-degree eccentricity or 75-degree eccentricity (Figure 1B). New 134 

images were presented at 45-degree eccentricity 50% of the time, and 15- or 75-degree 135 

eccentricity the other 50% of the time to control for non-specific effects of image rotation 136 

(Figure 1B). Images were presented using the software package Presentation (Version 17, 137 

Neurobehavioral Systems, Berkeley, CA) on a back projection system. Responses were collected 138 

using a 4-button fiber optic response device (Current Designs, Philadelphia, PA).  139 

Shock. Threat of shock was used to induce anxiety during the threat blocks at both 140 

encoding and retrieval (Balderston et al., 2015, 2016a, 2016b). Shock was administered through 141 

a 100-ms, 200-Hz train of stimulation using a Digitimer constant current stimulator (DS7A; 142 

Digitimer, Letchworth Garden City, UK) and was delivered through two MRI-safe disposable 143 

sticker electrodes placed on the surface of the participant’s right wrist. Before the experiment, 144 

participants completed a calibration procedure to set the intensity of the shock stimulus 145 

(Balderston et al., 2015, 2016a, 2016b). The work up consisted of presentations of the shock in 146 

incremental increases. After each presentation, participants rated the shock on a scale from 1 to 147 

10, with 10 being uncomfortable and unpleasant but not painful. Once a rating of 10 was 148 

reached, that intensity (M = 6.82; SD = 1.85) was used for the remainder of the study.  149 

Psychometric Data. Prior to the start of the study, participants completed an affective 150 

rating scale (Balderston et al., 2015, 2016a, 2016b), which was scored from 1 to 10: 1). How 151 

anxious are you (1 = not anxious, 9 = extremely anxious)? 2). How afraid are you (1 = not afraid, 152 

9 = extremely afraid)? 3). How happy are you (1 = not happy, 9 = extremely happy)? After each 153 

run of the experiment, participants were asked the same affective rating scales, this time 154 
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responding to how they felt in the safe blacks and threat blocks separately. Additionally, they 155 

were asked how would you rate the intensity of the electrical stimulation (1 = not painful at all, 9 156 

= uncomfortable but not painful)? 157 

Procedure 158 

Upon arrival, participants were briefed on the experiment and given the pre-experiment 159 

psychometric questionnaires. Electrodes were then attached to the wrist to administer the shock. 160 

Next, subjects were escorted into the scan room and seated on the gurney where they completed 161 

the shock work up. Afterward, participants were given earplugs and situated in the supine 162 

position. A respiratory belt was attached around the chest and pulse oximeter was secured to the 163 

right index finger. Scanning started with the collection of a Magnetization-Prepared Rapid 164 

Gradient-Echo (MPRAGE) structural scan followed by two 30 s echo planar imaging (EPI) runs. 165 

The task included four 9 to 11 minute multi-echo-planar images (EPI) runs. After task 166 

completion, participants were removed from the scanner and debriefed.  167 

The experiment consisted of two runs of encoding and two runs of retrieval. Runs were 168 

divided into alternating blocks of safety and threat, signaled by the words “Safe” and “Threat” on 169 

the sides of the screen. Subjects were told they may receive electrical shocks during the threat 170 

but not the safe condition (see Figure 1). Each run consisted of 4 blocks (2 per condition) of 171 

alternating safe and threat conditions. Each block contained 16 trials during encoding and 20 172 

trials during retrieval. Trials began with a 1-s fixation cross, followed by an image presented for 173 

between 1 - 3 s. The image was followed by a 0.5 - 1 s maintenance period and then a 1-s 174 

response period (see below). The intertrial interval (ITI) ranged between 2 and 4 s. Between 1 – 175 

3 shocks were presented randomly per run during the threat blocks. Shocks either occurred in the 176 

trial ITI or during the maintenance period of a trial. All trials containing a shock were discarded 177 
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from further analyses. Blocks were counterbalanced across participants. Runs were separated by 178 

a brief (less than 5 m) break where participants answered psycho-affective questions through an 179 

intercom. After the encoding runs, participants were also given instructions for retrieval.  180 

In the encoding phases participants saw a total of 128 images, 64 images per run. After 181 

picture presentation, participants judged if the image seen belonged inside or outside of a house 182 

for 1 s. The judgment response was meant to keep attention and allow for incidental encoding.  183 

In the retrieval phases, participants saw 160 images, 80 images per run. During the 184 

response period, participants were prompted to recall if the image they saw was new (had not 185 

been seen in encoding), old (identical to the one seen in encoding), or altered (images seen in 186 

encoding but had been rotated slightly to the left or right). Of the 160 images, 32 images were 187 

new, 64 were old, and 64 were altered images. Half of the images were encoded during threat 188 

blocks, and half during safe blocks. New Items were included as foils, and only old and altered 189 

images were included in the present analyses. In addition, half of the encoding images presented 190 

in safe blocks where presented in retrieval threat blocks and vice versa creating a 2 x 2 factorial 191 

design that allowed for all possible encoding/retrieval combinations.  192 

fMRI acquisition 193 

We collected 4 runs of whole brain multi-echo, echo planar images (EPI) using a 3T Seimens 194 

MAGNETOM Skyra fMRI system (Erlangen, Germany) fMRI system with a 32-channel head 195 

coil. Each image contained 32 interleaved 3 mm slices (matrix = 64 mm × 64 mm; FOV=192×192) 196 

parallel to the AC-PC line (TR=2s; TEs = 12ms, 24.48 ms, 36.96 ms; flip angle = 70°). Encoding 197 

runs contained 270 images, while retrieval runs contained 338 images. We also collected two, 10 198 

image EPI series with opposite phase encoding directions in order to correct for geometric distortion 199 

in the phase encoding direction. For reference, we acquired a multi-echo T1-weighted MPRAGE (TR 200 
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= 2530 ms; TEs = 1.69 ms, 3.55 ms, 5.41 ms, 7.27 ms; flip angle = 7°), with 176, 1 mm axial slices 201 

(matrix = 256 mm × 256 mm; field of view (FOV) = 256 mm × 256 mm).  202 

fMRI preprocessing  203 

Structural and functional images were preprocessed using the AFNI software package 204 

(Cox, 1996). T1 images were first processed with the standard freesurfer pipeline (Fischl et al., 205 

2002, 2004). The resulting skull-stripped T1 image was then non-linearly warped to the MNI 206 

space using the AFNI program 3dQWarp, and the resulting warping parameters were saved for 207 

later use. From there, grey matter masks were created using all cortical and subcortical grey 208 

matter regions labeled in the aparc+aseg file  (Fischl et al., 2002, 2004). These grey matter masks 209 

were then resampled to the EPI resolution (3 mm isotropic), dilated by 1 voxel, and then warped 210 

to MNI space. A group-level grey matter mask was created by averaging these binary masks, and 211 

thresholding at 0.75 (i.e. 75% overlap) (Torrisi et al., 2015).  212 

The reverse phase encoding EPI series were then skull stripped, and non-linearly co-213 

registered using the AFNI program 3dQWarp with the “-plusminus” flag. This procedure 214 

combines the images to create a novel reference volume that is “central” to the 2 input images, 215 

therefore minimizing EPI distortion in the phase encoding direction (Hong et al., 2015). This 216 

reference image was then warped to the T1 image, and all alignment/warp parameters were 217 

saved and applied to the beta images in a single step.  218 

EPI images for each run and each echo were reconstructed, despiked, slice-time 219 

corrected, and deobliqued. Each volume was then reregistered to the first volume and then skull-220 

stripped. Using AFNI meica.py script, preprocessed images were then entered into a multi-echo 221 

independent components analysis (ICA) that uses the T2* decay of BOLD signals across time of 222 

echo (TE) to differentiate between BOLD-like and non-BOLD-like sources of variability in the 223 
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EPI timeseries (Kundu et al., 2012). Non-BOLD-like components were then discarded, and a 224 

new timeseries was synthesized from the remaining components (Kundu et al., 2012). These 4 225 

denoised timeseries corresponding to each run were then co-registered, normalized, and entered 226 

into a first-level GLM to identify BOLD responses to the different trial types.  227 

This first level GLM included separate regressors of interest for each trial type for 228 

encoding and retrieval, based on the encoding and retrieval contexts, and the status of the image.  229 

For encoding, this resulted in the following trial types (Encoding/Retrieval): Safe/Safe, 230 

Safe/Threat, Threat/Safe, and Threat/Threat. For retrieval this resulted in the following trial types 231 

(Status Encoding/Retrieval): (New: [not presented during encoding]/Safe, [not presented during 232 

encoding]/Threat), (Old: Safe/Safe, Safe/Threat, Threat/Safe, and Threat/Threat), and (Altered: 233 

Safe/Safe, Safe/Threat, Threat/Safe, and Threat/Threat). We also included regressors of no 234 

interest corresponding to the 6 motion parameters, baseline drift (4th order polynomial), button 235 

presses, and shock trials. Finally, we censored (i.e. scrubbed) TRs where the Euclidean norm of 236 

the motion parameters exceeded 0.5 mm, and excluded subjects whose censor count exceeded 237 

10% of the total number of TRs (Balderston et al., 2016b). The resulting beta images were then 238 

distortion corrected, co-registered with the T1 images, warped to MNI space, masked with a 239 

group-level grey matter mask, and blurred within the mask using a 6 mm Gaussian kernel.  240 

Experimental design and fMRI analysis  241 

We analyzed the voxelwise BOLD data for encoding and retrieval separately. For 242 

encoding, we conducted a 2 (Encoding condition: Safe vs. Threat) x 2 ([subsequent] Retrieval 243 

condition: Safe vs. Threat) repeated measures ANOVA. Note that the retrieval condition factor 244 

should not affect the BOLD data during encoding, and is included to ensure that the pictures are 245 

well matched across conditions. For retrieval, we conducted a 2 (Encoding condition: Safe vs. 246 
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Threat) x 2 (Retrieval condition: Safe vs. Threat) x 2 (Item: Old vs. Altered) repeated measures 247 

ANOVA. All initial analyses were carried out at the voxel level across the entire brain. Simple 248 

effects for interactions were probed at the cluster level using the mean voxel intensity for each 249 

cluster that survived correction (including the dlPFC). Follow-up analyses were carried out on 250 

BOLD activity within the hippocampus, defined anatomically for each subject based on the 251 

freesurfer segmentation.  252 

We used a cluster-based approach to correct for multiple comparisons. To identify a 253 

minimum cluster size, we conducted 10,000 monte carlo simulations using the AFNI program 254 

3dclustsim. We used a spatial autocorrelation function with a Gaussian plus mono-exponential 255 

form to account for the non-Gaussian distribution of fMRI noise (Cox et al., 2016). We then 256 

thresholded the fMRI data using a voxelwise p-value threshold of p < 0.001, and a minimum 257 

cluster size of k = 65, which corresponds to a cluster-level alpha of p < 0.05.  258 

Results 259 

Questionnaire data 260 

As a manipulation check, we examined the effect of threat on subjects’ retrospective 261 

affect ratings. As expected, subjects reported significantly more anxiety, t(31) = 9.77; p < 0.001; 262 

d = 1.73, and fear, t(31) = 6.63; p < 0.001; d = 1.17, and less happiness, t(31) = -7; p < 0.001; d = 263 

-1.24, in the threat blocks than in the safe blocks (Table 1).  264 

Accuracy 265 

Next we assessed the effect of condition during encoding and retrieval on accuracy for 266 

old and altered items using a 2 (Encoding: Safe vs. Threat) x 2 (Retrieval: Safe vs. Threat) x 2 267 

(Item: Old vs. Altered) repeated measures ANOVA (See Figure 2A). We found that subjects 268 

were more accurate identifying old items than altered items (Item: f(1,31) = 104.61; p < 0.001). 269 
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In addition, we found that this effect was dependent on encoding condition (Encoding x Item 270 

interaction: f(1,31) = 4.68; p = 0.04). To characterize this interaction, we conducted 2 paired-271 

sample t-tests contrasting the effect of encoding condition on accuracy for the old and altered 272 

items separately. We found that for old items, subjects were more accurate when the items were 273 

encoded in the threat blocks (t(31) = 2.66; p = 0.01; d = 0.47). In contrast, for altered items, 274 

accuracy was similar for items encoded in the safe and threat conditions (p > 0.05).  275 

Reaction time 276 

As with accuracy, we assessed the effect of condition during encoding and retrieval on 277 

reaction time for correct old and altered items using a 2 (Encoding: Safe vs. Threat) x 2 278 

(Retrieval: Safe vs. Threat) x 2 (Item: Old vs. Altered) repeated measures ANOVA (See Figure 279 

2B). As with accuracy, subjects were faster for items encoded during threat blocks than during 280 

safe blocks (f(1,31) = 4.77; p = 0.04). In addition, there was a significant 3-way interaction 281 

(f(1,31) = 5.49; p = 0.03).  282 

To probe this interaction, we began by conducting two, 2 (Retrieval: Safe vs. Threat) x 2 283 

(Item: Old vs. Altered) repeated measures ANOVAs for items encoded during either the safe or 284 

threat blocks. For items encoded during the safe blocks, there was a significant 2-way interaction 285 

(f(1,31) = 7.99; p = 0.01), however this was not significant for items encoded during the threat 286 

blocks (p < 0.05). To characterize this interaction, we conducted 2 paired-sample t-tests 287 

contrasting reaction time for old and altered items for the safe and threat retrieval blocks. When 288 

items were retrieved in safe blocks, reaction time was similar for old and altered images (p > 289 

0.05); however, when items were retrieved in threat blocks, subjects were faster for old 290 

compared to altered items  (t(31) = 2.82; p = 0.01; d = 0.5). 291 
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Encoding BOLD 292 

We used a 2 (Encoding context: Safe vs. Threat) x 2 ([Subsequent] Retrieval context: 293 

Safe vs. Threat) repeated measures ANOVA to analyze the encoding phase responses. This 294 

analysis had 2 purposes. The first was to determine the effectiveness of the threat manipulation 295 

during this phase by contrasting BOLD responses to images presented in the safe and threat 296 

periods. The second purpose was to determine whether the (randomly selected) items to be 297 

presented in the safe and threat blocks in the retrieval conditions evoked different patterns of 298 

activity. Note that this was a control comparison to demonstrate that prior to retrieval items did 299 

not evoke different patterns of neural activity. As expected, this 2 x 2 analysis yielded significant 300 

activations in several regions of the canonical fear network (e.g. anterior insula, dorsal anterior 301 

cingulate cortex [dACC] (Fullana et al., 2015)) as a function of encoding context, but no 302 

significant activations as a function of retrieval context, and no interactions (See Figure 3A and 303 

Table 2).  304 

Retrieval BOLD 305 

We used a 2 (Encoding condition: Safe vs. Threat) x 2 (Retrieval condition: Safe vs. 306 

Threat) x 2 (Item: Old vs. Altered) repeated measures ANOVA to analyze the retrieval phase 307 

responses. This analysis had 4 purposes. The first was to determine whether encoding condition 308 

affected BOLD responses to items during retrieval. As with encoding, the second purpose was to 309 

determine the effectiveness of the threat manipulation during this phase by contrasting BOLD 310 

responses to images presented in the safe and threat periods. The third purpose was to determine 311 

the effect of item type on BOLD responses. The final, and primary purpose was to determine 312 

whether these effects were different for the old and altered items.  313 
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Related to the first purpose, there were no significant effects of encoding condition on 314 

BOLD activity to items during retrieval. In contrast, related to the second purpose, there were 315 

two significant clusters showing greater activity to items presented during the threat compared to 316 

the safe periods in the left anterior insula and dACC (See Figure 3B and Table 2). These results 317 

within the canonical fear network are also consistent with the results from encoding. Related to 318 

the third purpose, we found several significant clusters showing greater activity to altered items 319 

compared to old items. These are primarily right lateralized, and located in regions of the 320 

frontoparietal attention network (See Figure 3C and Table 2).  321 

Finally, we observed a significant retrieval by item interaction in the right dorsolateral 322 

prefrontal cortex (See Figure 4; dlPFC). To characterize this 2-way interaction, we conducted 2 323 

paired-sample t-tests to determine the difference in responding to old and altered image as a 324 

function of retrieval condition. When items were retrieved in the safe periods there was no 325 

difference in dlPFC activity to the old and altered images. In contrast, when items were retrieved 326 

during the threat periods, altered items evoked significantly more activity than old items (t(31) = 327 

6.12; p < 0.001; d = 1.08). There were no other significant main effects or interactions.  328 

To further explore the relationship between retrieval context and dlPFC activity to altered 329 

stimuli, we reran the single subject GLMs using separate regressors for correct and incorrect 330 

trials, and extracted the BOLD values in the dlPFC. We then conducted a 2 (Encoding condition: 331 

Safe vs. Threat) x 2 (Retrieval condition: Safe vs. Threat) x 2 (Item: Correct vs. Incorrect) 332 

repeated measures ANOVA on these responses (See Figure 6). Notably, we found a significant 333 

main effect for retrieval (F(1,31) = 5.63; p = 0.02) and a significant retrieval context by item 334 

interaction (F(1,31) = 4.27; p = 0.047). Incorrect items retrieved during threat evoked 335 

significantly more dlPFC activity than incorrect items retrieved during safety (t(31) = 3.54; p < 336 
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0.001), while correct items evoked similar levels of dlPFC activity whether they were received 337 

during periods of threat and safety (p > 0.05). This suggests that the increased dlPFC activity to 338 

altered items retrieved during threat was driven by an increase in responding to the incorrect 339 

items.  340 

dlPFC accuracy correlations 341 

Given the role of the dlPFC in both cognitive control (Braver et al., 2010; Cole et al., 342 

2012; Cieslik et al., 2013; Harding et al., 2015) and anxiety (Basten et al., 2012; Peers et al., 343 

2013), we probed the correlation between dlPFC and accuracy based on retrieval condition and 344 

item type. Note that this analysis is not circular with reference to the above reported interaction 345 

because the correlations are done within the 4 cells of the 2 x 2 interaction reported above, rather 346 

than across cells. For items retrieved during safe periods, we found no significant correlations 347 

between dlPFC activity and accuracy (See Figure 5A; p > 0.05). In contrast, when items were 348 

retrieved during the threat periods, there was a significant correlation between dlPFC activity and 349 

accuracy for altered (r(31) = 0.56; p < 0.001) but not old (r(31) = -0.01; p = 0.96) items (See 350 

Figure 5B). In addition, the difference between the correlation coefficients was statistically 351 

significant for the old and altered items retrieved during threat periods (z(31) = -2.82; p = 0.005).  352 

Given that there was a significant interaction between retrieval context and item (correct 353 

vs. incorrect) in the previous analysis, this raises the question of whether the dlPFC/accuracy 354 

correlations in the original analysis was driven by dlPFC responding to the incorrect items. If so, 355 

we would expect that the correlation would no longer be significant when considering correct 356 

trials only. To test this, we re-ran the correlations between accuracy and dlPFC activity for old 357 

and altered items as a function of both retrieval context, and response type (correct vs. incorrect; 358 

See Figure 7). As can be seen in Figure 7, the previously observed correlation between accuracy 359 
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for altered items retrieved during threat and dlPFC activity to these same items remains 360 

significant when considering either correct (r(31) = 0.62; p > 0.001) or incorrect (r(31) = 0.38; p 361 

= 0.032) altered items. This is important because by showing similar accuracy/dlPFC activity 362 

correlations for activity evoked by correct and incorrect trials, we show that the accuracy/dlPFC 363 

activity correlations reported above are not an artifact of different levels of activity for correct 364 

and incorrect trials. In addition, neither of the other correlations are significant (ps < 0.05), which 365 

is consistent with the results above. Together these results support the conclusion that individuals 366 

who are better able to recruit the dlPFC are better able to perform the task during periods of 367 

threat. 368 

Hippocampal sub-field involvement in pattern separation 369 

Because we did not observe any significant effects of encoding or retrieval condition on 370 

hippocampal pattern separation using a whole-brain voxelwise approach, we decided to probe 371 

these relationships within specific sub-fields of the hippocampus. Accordingly, we segmented 372 

the hippocampus for each subject using freesurfer (Version 6.0), and extracted the volumes 373 

corresponding to the CA1, CA3, and dentate gyrus for each subject.  374 

Although we used standard resolution fMRI, which may not be optimal to functionally 375 

differentiate between hippocampal subfields, we took several steps to ensure as accurate T1-EPI 376 

co-registration as possible. First, we used a reverse-phase encoded EPI blip to reduce EPI 377 

distortion in the phase encoding direction (Hong et al., 2015). Second, we used non-linear 378 

registration to align the T1 and EPI data to ensure precise co-registration. Third, we used 379 

unblurred EPI data to maintain the intrinsic smoothness of the EPI data, and reduce cross 380 

contamination from the sub-field ROIs.  381 
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We then sampled the BOLD activity during retrieval using these ROIs, and conducted a 2 382 

(Encoding condition: Safe vs. Threat) x 2 (Retrieval condition: Safe vs. Threat) x 2 (Item: Old 383 

vs. Altered) repeated measures ANOVA on the BOLD responses in the CA1, CA3, and dentate 384 

gyrus. We found a significant main effect for retrieval in the CA3 region (F(1,31) = 5.95; p = 385 

0.02), with greater deactivation for altered items compared to old, but no other main effects or 386 

interactions (See Figure 8).  387 

In addition, because previous pattern separation studies have shown that the hippocampus 388 

(specifically CA3 and the dentate gyrus) is more involved in successful pattern separation vs. 389 

unsuccessful pattern separation trials (Kirwan and Stark, 2007), we examined the effect of 390 

encoding and retrieval condition on activity in CA1, CA3, and the dentate gyrus for correct vs. 391 

incorrect responses to altered stimuli using a 2 (Encoding condition: Safe vs. Threat) x 2 392 

(Retrieval condition: Safe vs. Threat) x 2 (Item: Correct vs. Incorrect) repeated measures 393 

ANOVA on the BOLD responses in the CA1, CA3, and dentate gyrus. Consistent with previous 394 

work (Kirwan and Stark, 2007), we found significantly greater deactivation in all three regions to 395 

correctly vs. incorrectly recalled altered items (CA1: F(1,31) = 6.35; p = 0.017, CA3: F(1,31) = 396 

8.61; p < 0.001, Dentate: F(1,31) = 8.85; p < 0.001), but no other main effects or interactions 397 

(See Figure 9).  398 

Discussion 399 

The purpose of this study was to examine the effect of anxiety during encoding and 400 

retrieval on neural activity during PS. We predicted differences in activity to altered vs. old items 401 

in the hippocampus and dlPFC as a function of encoding and retrieval condition. Although we 402 

found no significant effects of condition in the hippocampus, we found that dlPFC activity to 403 

altered items was significantly increased when these items were retrieved under threat, and that 404 
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this increase was due in part to an increase in dlPFC activity to incorrect items. In addition, we 405 

found that dlPFC activity across subjects was correlated with performance for altered items, 406 

independent of whether they were correctly or incorrectly recalled. Taken together, these results 407 

suggest that dlPFC activity may facilitate the ability to identify the altered stimuli during threat 408 

(Balderston et al., 2015). More broadly, these results may provide support for a mechanistic 409 

explanation of fear overgeneralization in anxiety and PTSD, and may provide a framework for 410 

future studies in these clinical populations, which will be discussed below.  411 

Counter to our first hypothesis, we failed to find any effect of encoding or retrieval 412 

condition on hippocampal activity to items during retrieval. It’s well known that the 413 

hippocampus is important for memory encoding (Treves et al., 1994; O’Reilly and Norman, 414 

2002) and PS (Rolls and Kesner, 2006; Sahay et al., 2011a; Rolls, 2013a), and PS specifically 415 

relies on CA3 and the dentate gyrus (Leutgeb et al., 2007; Leal et al., 2014). However, when we 416 

analyzed activity within hippocampal sub-fields, we found a significant effect of item type (old 417 

vs. altered) on CA3 activity. In addition, we found that correctly recalled altered items evoked 418 

larger magnitude de-activations in the CA1, CA3, and dentate gyrus. These findings replicate 419 

previous PS results (Kirwan and Stark, 2007), and suggest that our null result is not due to an 420 

inability to recover signal from the hippocampus. However, we used standard resolution fMRI, 421 

which may not be sensitive to differences in sub-field activation within the hippocampus (Azab 422 

et al., 2014; Reagh and Yassa, 2014; Reagh et al., 2014; Stokes et al., 2015; Suthana et al., 2015; 423 

Berron et al., 2016). Accordingly, the current hippocampal results should be interpreted with 424 

caution, and future work with high-resolution fMRI should be done exploring the effect of threat 425 

on hippocampal subfield activation during BPS. In addition, given that hippocampal activity can 426 

be linked to subsequent memory performance (Shrager et al., 2008; Park and Rugg, 2009), these 427 
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studies should examine hippocampal subfield activity during both encoding and retrieval, 428 

separated by performance during the retrieval session.   429 

BPS involves separate encoding and retrieval phases (Stark et al., 2013; van Hagen et al., 430 

2014), given that the purpose of this work was to probe activity during retrieval, it is possible we 431 

missed a subtle effect of threat on hippocampal activity during encoding. Although preliminary 432 

analyses did not reveal any effect of threat on hippocampal activity during encoding, subjects in 433 

the current study were more accurate for old items encoded during threat compared to those 434 

encoded during safety. However, given that this effect was not observed for altered items, we 435 

believe that this finding is unrelated to pattern separation, reflecting instead a facilitation of 436 

memory encoding. In fact, previous work suggests that emotion enhances memory encoding 437 

(Clark et al., 1983; Eich, 1995; Cahill, 1996; Canli et al., 2000; McGaugh, 2002, 2004; Kogan 438 

and Richter-levin, 2010), and that this effect can be traced to noradrenergic inputs to the 439 

hippocampus from the basal forebrain, which are a consequence of amygdala activation (Walling 440 

et al., 2004; Segal and Cahill, 2009; Segal et al., 2012; Hansen and Manahan-Vaughan, 2014). 441 

Given that multiple lines of evidence suggest that the hippocampus is primarily involved in 442 

memory encoding rather than retrieval (McClelland et al., 1995; Squire and Bayley, 2007; 443 

Squire, 2009; Squire and Wixted, 2010), future work should be conducted to further explore the 444 

relationship between induced anxiety during encoding and hippocampal activity.  445 

In contrast, our dlPFC findings were with altered images. Among that image category, we 446 

found that successful retrieval during threat was associated with increased dlPFC activity. These 447 

results suggest that the key interaction between anxiety and pattern separation occurs during 448 

retrieval, and that the dlPFC during retrieval may be an important factor. However, given that 449 

with subjects, correct and incorrect trials were associated with similar levels of dlPFC activation 450 
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indicates that dlPFC was necessary for successful overall performance, but not sufficient to 451 

prevent all types of errors. Much is known about the dlPFC and cognitive control (Braver et al., 452 

2010; Cole et al., 2012; Cieslik et al., 2013; Harding et al., 2015). It is known to support both 453 

working memory (Carlson et al., 1998; Owen et al., 2005; León-Domínguez et al., 2015) and 454 

attention (Grimault et al., 2009; Warren et al., 2013), both of which are important for goal 455 

maintenance (Koechlin and Summerfield, 2007). For instance, single neurons in the dlPFC 456 

exhibit persistent firing during WM maintenance intervals (Curtis and D’Esposito, 2003; 457 

Sreenivasan et al., 2014), dlPFC activity increases as WM load increases (Carlson et al., 1998; 458 

Owen et al., 2005), and the dlPFC can filter out distracting information during difficult cognitive 459 

tasks (Tang et al., 2016). Together these findings suggest that the role of the dlPFC in WM is to 460 

maintain goal representations across time, and filter out distracting information that may 461 

interfere with performance. The degree to which this filter is effective is based on two factors: 1) 462 

the integrity of the filter (i.e. attentional control; Eysenck et al., 2007), and 2) the salience of the 463 

to-be-filtered distracting information (Stout et al., 2013). Rather than directly compete with other 464 

stimuli for access to consciousness, we believe that threat increases the salience other to-be-465 

ignored stimuli. It is important that altered items were more difficult to correctly identify than 466 

old items, which is consistent with our previous findings (Balderston et al., 2015). Accordingly, 467 

we believe that this increase in difficulty, combined with the distraction of the threat-related 468 

anxiety, triggered an increase in dlPFC activity for the altered items retrieved under threat. In 469 

addition, this increase in activity was correlated with performance across subjects, suggesting 470 

that it was indeed beneficial. Together these results suggest that the dlPFC may compensate for 471 

the anxiety-induced cognitive deficits that impact difficult cognitive tasks like stimulus 472 

generalization (Cole et al., 2014). Interestingly, this interpretation raises the testable hypothesis 473 
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that anxious individuals, who are less able to recruit dlPFC activity (Balderston et al., 2016b), 474 

may show reduced accuracy for altered items during threat. 475 

This hypothesis is in-line with the attentional control theory of anxiety, which suggests 476 

that individuals with anxiety disorders are less able to control their attention (Armstrong et al., 477 

2011; Price et al., 2011; Najmi et al., 2012, 2014; Reinholdt-Dunne et al., 2012; Berggren and 478 

Derakshan, 2013a, 2013b). According to this hypothesis, overgeneralization in anxious patients 479 

may be related to poor attention control, mediated by a reduced ability to recruit the dlPFC, 480 

rather than impaired PS per se (Balderston et al., 2015). Indeed, individuals with PTSD show 481 

reduced dlPFC generalization gradients to visual cues that resemble feared stimuli (Kaczkurkin 482 

et al., 2016). Finally, they provide a mechanistic explanation for this overgeneralization, 483 

suggesting that it arises from deficits in recruiting the dlPFC during periods where discrimination 484 

is difficult (Basten et al., 2012; Peers et al., 2013). These results are consistent with previous 485 

findings that anxiety patients are less able to recruit the dlPFC when high demands are placed on 486 

WM (Shackman et al., 2014; Balderston et al., 2016b), that increasing demands on WM reduces 487 

anxiety (Vytal et al., 2012, 2013; Balderston et al., 2016a), and that dlPFC activity is negatively-488 

correlated with anxiety during periods of unpredictable shock (Ironside et al., 2016). Future 489 

studies should be conducted to test this hypothesis in patient populations.  490 

Importantly, these results may have implication for treatment. If the dlPFC turns out to be 491 

involved in overgeneralization in anxious patients, then this structure could be targeted for 492 

treatment with neuromodulation (Slotema et al., 2010). The dlPFC is cortical, and can therefore 493 

be targeted with transcranial magnetic stimulation (TMS) and transcranial direct current 494 

stimulation (tDCS) (Balconi and Vitaloni, 2012; Bogdanov and Schwabe, 2016; Ironside et al., 495 

2016). Indeed, this area is a target for other psychiatric disorders, and has received FDA approval 496 
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for the treatment of depression (Horvath et al., 2010). However unlike depression, where 497 

treatments typically attempt to increase activity in the left dlPFC and decrease activity in the 498 

right dlPFC (Shajahan et al., 2002; Miniussi et al., 2005; O’Reardon et al., 2007; Stern et al., 499 

2007; Horvath et al., 2010; Nauczyciel et al., 2011; Fox et al., 2012; Chen et al., 2013; 500 

Lefaucheur et al., 2014; Concerto et al., 2015), our results suggest that treatments should attempt 501 

to increase rather than decrease activity in the right dlPFC, which is consistent with our previous 502 

data (Balderston et al., 2016b).  503 

Conclusions 504 

We studied the effect of anxiety on neural activity during behavioral PS and found that 505 

the dlPFC is engaged when identifying altered items during periods of threat. These results 506 

suggest that the dlPFC may be important for overcoming the distraction of threat processing in 507 

order to enable the identification of subtle differences in items or contexts, in order to facilitate 508 

discrimination. Importantly, anxiety and PTSD patients show deficits in attentional control 509 

(Armstrong et al., 2011; Price et al., 2011; Najmi et al., 2012, 2014; Reinholdt-Dunne et al., 510 

2012; Berggren and Derakshan, 2013a, 2013b), and an inability to recruit the dlPFC during 511 

difficult cognitive tasks (Shackman et al., 2014; Balderston et al., 2016b) and stimulus 512 

generalization (Kaczkurkin et al., 2016), pointing to attentional control deficit as a potential 513 

mechanism for overgeneralization (Levy-Gigi et al., 2012, 2015; Greenberg et al., 2013; Lissek 514 

et al., 2013; Kostek et al., 2014; van Meurs et al., 2014; Anastasides et al., 2015; Laufer et al., 515 

2016). According to this model, it should be possible to treat this overgeneralization using 516 

noninvasive neuromodulation techniques targeted at the dlPFC (Slotema et al., 2010).   517 
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Table 1 789 

Affect Safe Threat
Anxious 1.69 (0.17) 4.45 (0.31)
Afraid 1.23 (0.09) 3.3 (0.34)
Happy 7.26 (0.28) 5.09 (0.28)
Shock 8.78 (0.22)

Table 1. Affective ratings.
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Table 2 791 

x y z

dACC 835 62.21 0.056 6 18 36
Right Anterior Insula 683 57.76 0.049 51 3 6
Left Posterior Insula 671 46.03 0.049 -63 -36 18
Right dlPFC 267 40.22 0.049 33 57 18
Left dlPFC 224 54.18 0.055 -33 45 27
Right Middle Frontal Gyrus 207 28.76 0.036 24 0 51
Left Precentral Gyrus 142 30.55 0.028 -27 -6 57

Left Anterior Insula 88 21.16 0.033 -33 21 6
dACC 84 27.13 0.042 0 15 42

Right dlPFC 323 35.76 0.012 42 27 24
Right Superior Frontal Gyrus 109 32.68 0.011 30 -3 66
Right Anterior Insula 96 22.55 0.013 36 24 0
Left Precentral Gyrus 96 25.45 0.009 -51 6 36
Right Inferior Parietal Lobule 87 23.01 0.019 57 -33 51
Left Anterior Insula 71 27.72 0.014 -36 15 -6

Right dlPFC 67 19.82 0.009 51 33 12

Encoding: Safe vs. Threat

Retrieval: Safe vs. Threat

Retrieval: Old vs. Altered

Retrieval: Retrieval context (Safe vs. Threat) x Item (Old vs. Altered)

Table 2. Results from voxelwise analysis.

Label Volume F eta 2 Peak activation (LPI)
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Figure captions 794 

Figure 1: Schematic of experimental design. A) Subjects viewed novel items during blocks of 795 
threat and safety. B) Subjects viewed new, old, and altered items during blocks of threat and 796 
safety. New items were those that had not been presented during the encoding phase. Old items 797 
were those presented in the same orientation as in the encoding phase. Altered items were rotated 798 
slightly compared to when they were presented during encoding.  Half of the repeated items (old 799 
and altered) were encoded during threat, while the other half were encoded during safety. 800 
Lightning bolts represent the unpredictable shocks presented in the threat periods.  801 
 802 
Figure 2: Performance during the retrieval phase. A) Accuracy for old and altered items 803 
during retrieval. B) Reaction time for items presented during retrieval. Bars represent the M ± 804 
SEM.  805 
 806 
Figure 3: Whole brain BOLD effects of threat and item type for the encoding and retrieval 807 
phases. A) The effect of threat on BOLD responses to items during the encoding phase. B) The 808 
effect of threat on BOLD responses to items during the encoding phase. C) The effect of item 809 
type on BOLD responses during the retrieval phase.  810 
 811 
Figure 4: The effect of threat during retrieval and item type on BOLD responses in the 812 
dLPFC. Bars represent M ± SEM. 813 
 814 
Figure 5: Scatter plots examining correlations between accuracy and dlPFC activity during 815 
the retrieval phase. A) Correlations for old and altered items presented during periods of safety 816 
during retrieval. B) Correlations for old and altered items presented during periods of threat 817 
during retrieval.  818 
 819 
Figure 6: BOLD responses to correct and incorrect items during retrieval in the dlPFC. 820 
Region of interest represents the dlPFC cluster from the main analysis in Figure 4. Bars represent 821 
the mean ± SEM. 822 
 823 
Figure 7: Correlations between accuracy and dlPFC activity during retrieval for correctly 824 
and incorrectly identified old and altered items. Black squares and items represent correct 825 
items, while red squares and lines represent incorrect items. 826 
 827 
Figure 8: BOLD responses to old and altered items during retrieval in the CA3 region of 828 
the hippocampus. ROIs represent the extent of the CA3 region (orange) in an example subject. 829 
Bars represent the mean ± SEM.  830 
 831 
Figure 9: BOLD responses to correct and incorrect altered items during retrieval in the 832 
CA1, CA3, and Dentate gyrus. ROIs represent the extent of each subregion in an example 833 
subject. Bars represent the mean ± SEM. 834 




















