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Abstract  36 

The amygdala is well-documented as the critical nexus of emotionally enhanced 37 

memory, yet its role in the creation of negative memory biases—better memory for 38 

negative as compared to positive stimuli—has not been clarified. While prior work 39 

suggests valence-specific effects at the moment of ‘online’ encoding and retrieval—with 40 

enhanced visuosensory processes supporting negative memories in particular—here 41 

we tested the novel hypothesis that the amygdala engages with distant cortical regions 42 

after encoding in a manner that predicts inter-individual differences in negative memory 43 

biases in humans. Twenty-nine young adults (males and females) were scanned while 44 

they incidentally encoded negative, neutral, and positive scenes, each preceded by a 45 

line-drawing sketch of the scene. Twenty-four hours later, participants were scanned 46 

during an Old/New recognition memory task with only the line-drawings presented as 47 

retrieval cues. We replicated and extended our prior work, showing that enhanced 48 

‘online’ visuosensory recapitulation supports negative memory. Critically, resting state 49 

scans flanked the encoding task, allowing us to show for the first time that individual 50 

differences in ‘offline’ increases in amygdala resting state functional connectivity 51 

(RSFC) immediately following encoding relate to negative and positive memory bias at 52 

test. Specifically, post-encoding increases in amygdala RSFC with visuosensory and 53 

frontal regions were associated with the degree of negative and positive memory bias, 54 

respectively. These findings provide new evidence that valence-specific negative 55 

memory biases can be linked to the way that sensory processes are integrated into 56 

amygdala-centered emotional memory networks. 57 

 58 
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Significance Statement  59 

Decades of research has placed the amygdala at the center of the emotional memory 60 

network. Despite the clinical importance of disproportionate memory for negative 61 

compared to positive events, it is not known whether post-encoding increases in 62 

amygdala-cortical coupling—possibly reflective of early consolidation processes—bear 63 

any influence on the degree or direction of such emotional memory biases. We 64 

demonstrate that, across participants, increases in post-encoding amygdala coupling 65 

with visuosensory and frontal regions are associated with more pronounced negative 66 

and positive memory biases, respectively. These findings provide the first evidence 67 

linking post-encoding amygdala modulation to the degree of negative or positive 68 

memory bias, emphasizing the need for valence-based accounts of the amygdala’s role 69 

in emotional memory. 70 

 71 

Introduction 72 

We tend to remember the good and bad events in our lives long past the time 73 

when trivial events have slipped from our memories, but recent work suggests negative 74 

and positive memories are not always created equally in brain or behavior (Bowen et 75 

al., 2018). Despite the clinical relevance of understanding how disproportionate memory 76 

for negative events over positive events—a cognitive risk factor for depression 77 

(Gerritsen et al., 2012)—arises from individual differences in neural memory processes, 78 

these relationships have yet to be tested empirically. The bulk of task-based fMRI work 79 

on emotional memory has focused on the encoding of negative stimuli, with a focus on 80 

the amygdala, hippocampus, ventral visual stream, and prefrontal cortex (Murty et al., 81 



Amygdala Connectivity and Emotional Memory Bias 

 4 

2011). However, studies comparing memory for positive and negative events have 82 

suggested that while the amygdala is engaged by both valences (Hamann et al., 1999), 83 

the effect of arousal on the targets of amygdala-cortical coupling during encoding can 84 

depend on valence (Mickley Steinmetz et al., 2010). Our prior research has shown 85 

valence-specific memory effects during retrieval, with greater retrieval-related 86 

reactivation of encoding processes in visuosensory regions for negative events relative 87 

to positive and neutral ones (Kark and Kensinger, 2015; Bowen and Kensinger, 2016, 88 

2017), evidence that contributed to our proposed valence-based model of emotional 89 

memory (Bowen et al., 2018).  90 

Decades of animal and human work in support of the modulation hypothesis of 91 

amygdala function has shown that the amygdala is the critical “nexus” of emotional 92 

memory formation and consolidation due to its ability modulate neural processes in 93 

medial temporal lobe (MTL) regions and distant cortical regions (Cahill and McGaugh, 94 

1998; McGaugh, 2000; Hermans et al., 2014), including visual cortices (Dringenberg et 95 

al., 2004; Vuilleumier et al., 2004). Feedback projections from the amygdala to almost 96 

all levels of visual cortex are thought to enhance their response during emotional 97 

situations (Amaral et al., 2003; Silverstein and Ingvar, 2015) and likely continue to 98 

influence memory processes after the initial encoding experience itself (Müller and 99 

Pilzecker, 1900; McGaugh, 2005). Thus, the amygdala is well-positioned to exert long-100 

lasting negative memory enhancing effects in visuosensory regions. 101 

The work described above has monitored ‘online’ memory processes to reveal 102 

neural mechanisms that support emotional memory formation and retrieval during task. 103 

However, ‘offline’ post-encoding resting-state functional connectivity (RSFC) analysis 104 
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has become increasingly utilized to reveal links between early consolidation processes 105 

and memory performance (Tambini et al., 2010; Hermans et al., 2017; Murty et al., 106 

2017). Here, we use this approach in the emotional episodic memory realm to 107 

investigate the links between post-encoding changes in amygdala-cortical RSFC and 108 

behavioral measures of emotional memory bias across participants, an approach that 109 

has the potential to unveil ‘offline’ early consolidation processes that differentially predict 110 

long-term negative and positive memory outcomes.  111 

We adjudicated between arousal-based and valence-based accounts of 112 

emotional modulation of early consolidation processes. An arousal-based account of 113 

emotional memory would predict the same link between post-encoding increases in 114 

amygdala RSFC and enhanced memory for negative and positive stimuli, while our 115 

valence-based account would predict a strong link between post-encoding increases in 116 

amygdala-visuosensory RSFC and negative memory biases specifically, with a link to 117 

neutral memory falling between negative and positive. Based on previous work (Mickley 118 

Steinmetz et al., 2010), a secondary hypothesis was that amygdala-frontal RSFC 119 

enhancements would relate to positive memory biases.  120 

Here, resting-state fMRI scans flanked the encoding scan and preceded the 121 

recognition scan of an emotional recognition memory paradigm with a 24-hour study-122 

test delay. Participants incidentally encoded line-drawings of scenes (negative, positive, 123 

and neutral), each followed by the full image. At test, only old and new line-drawings 124 

were presented for an Old/New judgement. We root our novel test of the links between 125 

post-encoding increases in amygdala RSFC and valence-specific memory biases 126 
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across participants in a replication-extension of our prior work (Kark and Kensinger, 127 

2015) showing enhanced visuosensory recapitulation for negative memories. 128 

 129 

Materials and Methods  130 

Participants 131 

Thirty-three participants were recruited to participate in the control (no induced stress) 132 

condition of a larger study examining the effects of stress and sleep on emotional 133 

memory. All participants were right-handed, native English speakers between the ages 134 

of 18-29, with normal or corrected-to-normal vision and with no reported history of head 135 

injury, learning disorders, neurologic or psychiatric problems, or current medications 136 

affecting the central nervous system. Participants were screened for MRI environment 137 

contradictions before entering the scanner. The Boston College Institutional Review 138 

Board approved this study and written informed consent of study procedures was 139 

obtained from all participants. Participants were compensated $25/hour for their 140 

participation. 141 

For inclusion in this set of analyses, participants needed to have usable data 142 

from encoding and retrieval fMRI scans, including above-chance recognition memory 143 

performance, as well as at least 5 minutes of usable RSFC data from pre- and post-144 

encoding (Waheed et al., 2016). (Although additional measures were gathered as part 145 

of the larger study, they were not examined for this analysis and therefore were not 146 

required for data inclusion). Four participants were excluded from all of the present 147 

analyses: one due to chance-level memory performance (an overall d’ value below zero; 148 

male, 25), one due to a brain structure anomaly (female, 23), one did not undergo a 149 
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post-encoding RSFC scan due to time constraints and additionally did not have enough 150 

trials per condition for task fMRI analyses (female, 21), and one participant (male, 20) 151 

had excessive motion across resting state fMRI scans, resulting in less than 5 minutes 152 

of useable data for each resting scan. The final sample for the RSFC analyses was 153 

twenty-nine participants ages 18-29 (14 female, Mage = 22.3, SDage = 2.8). For the task-154 

based fMRI analyses of subsequent memory and retrieval success, seven additional 155 

participants (3 females) were excluded because they did not have an ample number of 156 

trials across all of the memory conditions by valence (trials count requirement ≥8). The 157 

final sample for the memory task-fMRI analyses was twenty-two participants (11 158 

females, Mage = 22.2, SDage = 2.8). However, to examine how brain-behavior patterns 159 

from the twenty-two participant sample expand to the larger sample (with possibly 160 

noisier activation estimations), the data for these 7 participants will appear as open 161 

circles in the follow-up scatter plot for the memory retrieval fMRI analyses (see Figure 162 

2B). 163 

 164 

Experimental Design 165 

Participants underwent fMRI scanning at the Harvard Center for Brain Science 166 

during both an incidental encoding task and a surprise recognition memory task 167 

approximately 24-hours later (see Figure 1A for depiction of the timeline for acquisition 168 

of data). 169 

Encoding task 170 

The encoding task is depicted in Figure 1B. Study stimuli were 300 images 171 

selected from the Internal Affective Picture System (IAPS; Lang et al., 2008) database 172 
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and nearly identical to the set used in Kark and Kensinger (2015). In brief, participants 173 

viewed 150 line-drawings of IAPS images (50 negative, 50 neutral, 50 positive, each for 174 

1.5s), followed by the full color photo of that line-drawing (3s). As an incidental encoding 175 

task, participants made a button press to indicate whether they would “Approach” or 176 

“Back Away” from each of the images. The negative and positive images were pre-177 

selected using the normative data provided by IAPS (Lang et al., 2008) to ensure that 178 

the negative images were equally arousing (Mneg = 5.54, Mpos = 5.43, t(198) = 1.32, p = 179 

0.19, independent samples t-test) and of similar absolute valence (Mneg = 2.05, Mpos = 180 

2.07, t(198) = 0.25, p = 0.80, independent samples t-test) as the positive images. The 181 

negative images were more arousing (Mneut = 3.25, t(198) = 23.95, p < 0.001, 182 

independent samples t-test) and higher in absolute valence (Mneut = 0.42, t(198) = 183 

19.27, p < 0.001, independent samples t-test) than the neutral images. Similarly, 184 

positive images were more arousing (t(198) = 22.97, p < 0.001, independent samples t-185 

test) and higher in absolute valence (t(198) = 25.00, p < 0.001, independent samples t-186 

test) than neutral images. Line-drawing versions of these IAPS images were created 187 

using in-house MATLAB scripts (see Figure 1B and 1C for examples of IAPS images 188 

and their line-drawings). Resting state scans were collected immediately before and 189 

after the encoding task runs. During each of the three resting state scans, the stimuli 190 

presentation computer monitor was turned off (i.e., no fixation cross was presented) and 191 

participants were instructed to relax with their eyes open and think about anything that 192 

came to mind. The eye-tracking camera was on throughout the resting state scans and 193 

monitored by the experimenters to ensure that participants kept their eyes open for the 194 

majority of each rest scan.  195 
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Recognition task 196 

Twenty-four hours after encoding, participants returned to the scanner for a 197 

surprise recognition memory task. After a pre-retrieval resting state scan, participants 198 

were presented with all 150 of the old line-drawings (3s each, jittered fixation 1.5-9s) 199 

that they had seen during encoding randomly mixed with an equal number of new line-200 

drawings (Study lists were varied across participants such that studied line-drawings for 201 

some participants were the new line-drawings for other participants). For each line-202 

drawing, participants were instructed to use a 0-4 scale to indicate in one decision 203 

whether the line-drawing was new (0) or, if old, how vividly they remembered the 204 

colorful photo (1=“Not Vivid” to 4=“Extremely Vivid”). Here, we collapse across vividness 205 

ratings to compare old (1-4) to new (0) responses. To ensure participants understood 206 

that half of the line-drawings were old and half were new, we instructed them during the 207 

practice and instruction period that they should be pressing the 0 key “about half of the 208 

time”.  The use of line-drawing cues—as opposed to re-presentation of the full colorful 209 

IAPS images—allows us to 1) cue individual memories with less-emotionally laden 210 

visual cues and 2) trigger memories while minimizing visual and emotion induction 211 

confounds at the time of retrieval. 212 

 213 

[INSERT FIGURE 1] 214 

 215 

Post-recognition arousal and valence ratings 216 

After the recognition scan, and outside of the scanner, participants completed 217 

post-scan ratings of arousal and valence (1-7 scales) of the 300 IAPS images. Results 218 
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of these post-scan IAPS ratings confirmed that negative images were more arousing 219 

(Mneg = 5.72, SDneg = 0.61, Mneut = 4.0, SDneut = 0.37, t(28) = 15.65, p < 0.001, paired 220 

samples t-test) and higher in absolute valence (Mneg = 2.20, SDneg = 0.38, Mneut = 0.62, 221 

SDneut = 0.36, t(28) = 19.43, p < 0.001, paired samples t-test) than the neutral images. 222 

Positive images also were more arousing (Mpos = 4.60, SDpos = 0.84, t(28) = 4.40, p < 223 

0.001, paired samples t-test) and higher in absolute valence (Mpos = 1.77, SDpos = 0.37, 224 

t(28) = 19.23, p < 0.001, paired samples t-test) than the neutral images. However, 225 

despite being equated for arousal based on IAPS normative data (as reported above) 226 

negative images were rated as more arousing (t(28) = 6.09, p < 0.001, paired samples 227 

t-test) and higher in absolute valence (t(28) = 6.06, p < 0.001, paired samples t-test) 228 

than the positive images. The same pattern of results was observed in the subset of 229 

twenty-two participants in the memory task-based fMRI analyses.  230 

Although the post-scan ratings of absolute valence and arousal were greater for 231 

negative stimuli, compared to positive stimuli, it is important to keep in mind that these 232 

ratings were made after participants had studied and retrieved the images, which could 233 

impact their valence and arousal strengths (e.g., perhaps these negative stimuli 234 

maintain their arousal even after multiple viewings, while positive stimuli show mitigation 235 

or habituation of arousal over repeated presentations). Nevertheless, in the fMRI data, 236 

valence-based patterns will be considered to occur when region of interest (ROI) 237 

analyses reveal a pattern of Negative greater than Neutral greater than Positive, not just 238 

Negative greater than Positive greater than Neutral, to ensure that they cannot simply 239 

be driven by lower arousal or absolute-valence in the positive images (since the positive 240 

images were rated as more arousing and of greater absolute-valence than the neutral 241 
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images, as reported above). Moreover, for the replication fMRI analysis of Kark and 242 

Kensinger (2015), we show the recapitulation results from an analysis that included 243 

individual ratings of subjective arousal as a nuisance regressor in the fixed-effects 244 

models of encoding and retrieval. To ensure the reported across-subjects’ effects were 245 

not driven by any valence differences of subjective arousal across participants (i.e., 246 

those with the greatest difference between negative and positive arousal ratings), we 247 

controlled for valence differences of arousal between-subjects (i.e., Arousalneg-pos: 248 

average negative arousal ratings – average positive arousal ratings), where applicable.  249 

 250 

MRI acquisition  251 

Structural and functional images were acquired using a Siemens MAGNETOM Prisma 252 

3T scanner with a 32-channel head coil. A localizer and auto-align scout were followed 253 

by collection of whole-brain T1-weighted anatomical images (MEMPRAGE, 176 slices, 254 

1.0mm3 voxels, TR = 2530 ms, Flip angle = 7 degrees, Field of view = 256 mm, base 255 

resolution = 256). The functional images were acquired using Simultaneous Multi-Slice 256 

blood-oxygen-level dependent (SMS-BOLD) scan sequences (Barth et al., 2016) 257 

provided by the Center for Magnetic Resonance Research at University of Minnesota 258 

(Feinberg et al., 2010; Moeller et al., 2010; Xu et al., 2013). All T2-weighted EPI images 259 

were acquired in an interleaved fashion and included the whole brain, with the slices 260 

aligned 25 degrees above the anterior commissure–posterior commissure line in the 261 

coronal direction. The pulse sequences for the encoding and retrieval task-fMRI scans 262 

(69 slices, TR = 1500ms, 2.0 mm3 isotropic voxels, TE = 28 ms, Flip angle = 75 263 

degrees, 208 mm field of view, base resolution = 104, multi-band acceleration factor = 264 
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3) differed from for the resting state EPI sequence (TR = 650ms, 64 slices, 2.3 mm3 265 

voxels, TE = 34.8ms, flip angle = 52 degrees, field of view read = 207mm, multi-band 266 

acceleration factor = 8, base resolution = 90). 267 

 268 

Statistical analysis 269 

Memory performance and emotional memory bias 270 

Effects of valence on memory performance (as calculated by d’ = z[hit rate] - z[false 271 

alarm rate]) was tested using repeated-measures ANOVA with a factor of valence. 272 

Negative memory was bias (Negative d’ – Positive d’) and Positive memory bias 273 

(Positive d’ – Negative d’) were calculated for each participant. Given that memory 274 

biases were calculated as difference scores, the fMRI data contrasts of interest were 275 

additionally masked where appropriate to ensure results were also correlated with 276 

memory performance of the single valence (e.g., Negative d’ alone), and thus not driven 277 

by an inverse relationship with the other valence (e.g., Positive d’). Throughout the 278 

remainder of the analyses, memory performance refers to the d’ score for a given 279 

valence category, whereas memory bias is the difference between d’ scores between 280 

negative and positive stimuli. 281 

 282 

fMRI pre-processing 283 

Memory task-based fMRI. FMRI images from the encoding and retrieval scans 284 

were pre-processed and analyzed using SPM8 (Wellcome Department of Cognitive 285 

Neurology, London, United Kingdom) implemented in MATLAB 2014a. All functional 286 

images were reoriented, realigned, co-registered, and spatially normalized to the 287 
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Montreal Neurological Institute (MNI) template (re-sampled at 3 mm during 288 

segmentation and written at 2 mm during normalization), and smoothed using a 6 mm 289 

isotropic Gaussian kernel. The first 4 scans of each run were discarded to account for 290 

scanner equilibrium effects. Global mean intensity, rotation, and translation motion 291 

outliers were identified using Artifact Detection Tools (ART; available at 292 

www.nitrc.org/projects/artifact_detect). Global mean intensity outliers were defined as 293 

scans with a global mean intensity that differed by more than 3 standard deviations from 294 

the mean. Acceptable motion parameters were set to 3 mm for translation and 3 295 

degrees for rotation. Framewise displacement (FWD)—the average rotation and 296 

translation parameter differences from scan to scan, using weight scaling (Power et al., 297 

2012)—was calculated for each participant. Individual scan runs were eliminated if more 298 

than 5% of the timepoints were identified as having 1) an FWD value greater than 0.5 299 

mm (Power et al., 2012) and 2) greater than 3 mm of movement/3 degree rotation. In 300 

total, 4 scan runs were excluded from the encoding analyses (two encoding runs for one 301 

participant, and one encoding run each for two other participants) and 5 scan runs were 302 

excluded from retrieval analyses (one run from 5 different participants). One participant 303 

was completely removed from the memory task-based fMRI analysis because 3 of their 304 

6 retrieval runs showed excessive head motion based on these thresholds, resulting in 305 

too few trials for analysis. Participants were required to still have an ample number (≥8) 306 

of each response type (hits and misses by valence) after any individual scan runs were 307 

removed due to motion.  308 

Resting state fMRI. Resting state scans were pre-processed and denoised using 309 

the CONN Toolbox (Whitfield-Gabrieli and Nieto-Castanon, 2012; 310 
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www.nitrc.org/projects/conn, RRID:SCR_009550) implemented in MATLAB 2015a and 311 

SPM12. To ensure the scanner had reached a steady state, the first 6 timepoints of 312 

each RSFC scan were discarded (Waheed et al., 2016). Functional scans were then 313 

realigned and unwarped, centered, segmented, normalized to MNI space, and 314 

smoothed with an 8 mm Gaussian smoothing kernel. Functional data were resampled to 315 

2 mm isotropic voxels. Conservative functional outlier detection settings were utilized 316 

during the ART-based identification of outlier scans for scrubbing (global signal z-value 317 

threshold of 3, subject-motion threshold of 0.3 mm). Pre-processed resting scans for 318 

each participant were linearly detrended and a commonly used band pass filter (0.008-319 

0.09 Hz) was applied after regression to isolate low-frequency fluctuations characteristic 320 

of resting state fMRI and attenuate signals outside of that range (Fox et al., 2005; Fox et 321 

al., 2006; Waheed et al., 2016). White matter and CSF noise sources were removed 322 

using the CONN Toolbox aCompCor method for noise removal. After artifact scrubbing, 323 

all participants included in the present analyses had at least 5.2 minutes (M = 7.6 324 

minutes) of useable timepoints for each of the RSFC scans. One additional participant 325 

(male, 28)—also excluded from the memory task-fMRI analyses—was excluded from 326 

the follow-up analysis of pre-retrieval RSFC due to excessive motion resulting in less 327 

than 5 minutes pre-retrieval RSFC data.  328 

 329 

Memory task-fMRI analyses 330 

General linear models. For each participant, first-level models were created for 331 

encoding and retrieval separately. For both encoding and retrieval, each model 332 

contained twelve regressors of interest: hits and misses by the three valence 333 
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categories, each with a parametric modulator for item reaction times to control for the 334 

time to make the Approach/Back Away decision (during encoding) or the memory 335 

judgement (during retrieval). Retrieval models additionally included correct rejections 336 

and false alarms, collapsed across valence. To control for low-level visual confounds, 337 

an additional nuisance regressor column contained item-level visual statistic information 338 

for the TRs that the images were on the screen (i.e., average image saliency for each 339 

IAPS image for the encoding models and edge density of the line-drawings for the 340 

retrieval models). Image saliency for each IAPS photo was calculated using the 341 

Saliency Toolbox (Itti and Koch, 2001) and the edge density each line-drawing image 342 

was calculated as the proportion of black pixels within the image frame using MATLAB. 343 

Finally, 7 motion regressors (FWD, x, y, z roll, pitch yaw) were added before the linear 344 

drift regressors. 345 

Analyses to test for replication of encoding-to-retrieval overlap. For encoding and 346 

retrieval separately, full-factorial 2x3 ANOVAs at the random-effects level were created 347 

with factors of memory (hits, misses) and valence (negative, neutral, positive).  348 

Encoding-to-retrieval overlap (or ‘recapitulation’) effects were operationalized like they 349 

were in the original study (Kark and Kensinger, 2015) as the spatial overlap of regions 350 

that exhibit differences due to memory at encoding (Hits > Misses, Dm effects; Wagner 351 

et al., 1999; Paller and Wagner, 2002) and Retrieval Success Activity at retrieval (Hits > 352 

Misses). Practically, the encoding-to-retrieval overlap (or ‘recapitulation’) maps are a 353 

conjunction of encoding and retrieval maps (Encoding Dm  Retrieval Success) 354 

executed separately for each valence (e.g., Encoding Negative Dm  Negative 355 

Retrieval Success). Encoding-to-retrieval overlap maps were created for negative, 356 
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neutral, and positive recapitulation effects separately (see Figure 2A, activity in red, 357 

white, and blue, respectively). The same approach was taken to analyze random-effects 358 

level recapitulation effects while controlling for subjective ratings of arousal in the fixed-359 

effects models (see Figure 2A activity in magenta and cyan for negative and positive 360 

stimuli controlling for arousal, respectively). 361 

Relations between valence-specific retrieval success activity and individual 362 

differences in emotional memory bias. Here, we conduct the first individual differences 363 

examination for links between valence-specific activity at the moment of successful 364 

retrieval and corresponding valence-specific memory biases. To test if those 365 

participants who recognized more negative stimuli than positive stimuli were those with 366 

greater retrieval success activity in visuosensory regions, a whole-brain one-sample t-367 

test was used to demarcate regions that showed a correlation between the first-level 368 

parameter estimates of Negative-Biased Retrieval Success Activity (e.g., Negative 369 

Retrieval Success > Positive Retrieval Success) and the magnitude the negative 370 

memory bias (e.g., Negative d’ – Positive d’). To ensure the resulting clusters were not 371 

driven by the inverse relationship for positive memory effects, the resulting map was 372 

also inclusively masked with the results of an additional one-sample t-test to demarcate 373 

regions that also showed a correlation between Negative Retrieval Success Activity and 374 

Negative d’ (held at a reduced threshold of p < 0.05). We conducted a similar analysis 375 

to assess links between Positive-Biased Retrieval Success Activity and positive memory 376 

bias. 377 

 378 

Resting state fMRI analyses 379 
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Whole brain seed-to-voxel RSFC were conducted using left and right amygdala seeds 380 

from a maximum probability atlas of the human brain (Hammers et al., 2003). These 381 

analyses produced Fisher r-to-Z transformed whole-brain maps of pre-encoding, post-382 

encoding, and pre-retrieval amygdala RSFC for each participant. First-level r-to-Z RSFC 383 

maps outputted from CONN were entered into a factorial in SPM8 for group analysis 384 

with one factor (i.e., condition) with two levels (pre-encoding, post-encoding). To test for 385 

valence specific memory biases, we entered Negative d’, Neutral d’, and Positive d’ into 386 

the model as co-variates set to interact with the condition factor.  387 

Baseline amygdala RSFC. We began the RSFC analyses with a replication of 388 

baseline amygdala RSFC patterns. We first examined group-level pre-encoding (ZPre) 389 

amygdala RSFC maps, as a comparison to prior work characterizing RSFC networks of 390 

the amygdala. For comparison with previous work reporting few changes in the 391 

amygdala RSFC following emotion picture viewing (Geissman et. al., 2018), next we 392 

examined overall pre-to-post encoding increases in amygdala RSFC (ZPost > ZPre 393 

masked with ZPost thresholded at p < 0.005). These first two analyses were utilized to 394 

establish our group findings before exploring the novel inter-individual difference 395 

questions central to the purpose of the current study.  396 

Post-encoding amygdala RSFC and emotional memory biases. The central 397 

purpose of the RSFC analysis was to test the hypothesis that individual differences in 398 

post-encoding amygdala coupling enhancements will relate to later emotional memory 399 

biases in a valence-specific manner. To test this hypothesis, we queried the factorial 400 

model in two ways to demarcate brain regions that showed correlations between pre-to-401 

post encoding increases in amygdala RSFC and emotional memory biases. We first 402 
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examined the whole-brain relationship of post-encoding increases in resting state that 403 

correlated with negative memory performance ([ZPost - ZPre] * Negative d’), but not 404 

neutral or positive memory performance (by exclusively masking out the maps of [ZPost - 405 

ZPre] * Neutral d’ and [ZPost - ZPre] * Positive d’ each held at a reduced threshold of p < 406 

0.05). Given that negative memory bias and pre-to-post encoding RSFC changes were 407 

difference measures, we further required post-encoding amygdala RSFC levels on their 408 

own to be correlated with negative memory performance (inclusively masked with the 409 

map of ZPost * Negative d’). Critically, we further report the clusters that also show a 410 

valence-specific relationship between pre-to-post-encoding increases in amygdala 411 

RSFC and negative memory bias ([ZPost - ZPre] * [Negative d’ – Positive d’]). That is, the 412 

greater the post-encoding increase in RSFC, the greater the difference between 413 

Negative d’ and Positive d’ a given participant. The reverse approach was taken to test 414 

for regions that show a relationship between post-encoding amygdala coupling 415 

increases and positive memory performance ([ZPost - ZPre] * Positive d’) and positive 416 

memory bias ([ZPost - ZPre] * Positive d’ – Negative ‘d) (inclusively masked with the map 417 

of ZPost * Positive d’). We hypothesized valence-specific effects, by which parameter 418 

estimates of the slopes would not only be greater for negative compared to positive (as 419 

revealed at the whole-brain level), but also with targeted ROIs showing parameter 420 

estimates of the slope for neutral falling in the middle of negative and positive. 421 

 422 

Data reporting and visualization  423 

Unless otherwise specified, whole-brain group analyses were interrogated at p < 0.005 424 

(uncorrected). Monte Carlo Simulations (https://www2.bc. edu/sd-slotnick/scripts.htm)  425 
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determined that a voxel extent of k=40 for memory task-fMRI analyses and k=54 for the 426 

resting-state fMRI analyses corrected results to p < 0.05. As in our original study (Kark 427 

and Kensinger, 2015), all conjunction analyses to assess the replication of encoding-to-428 

retrieval overlap were thresholded at the joint probability p < 0.005 by setting the 429 

individual thresholds of each voxel at encoding and retrieval to p = 0.0243 (calculated 430 

using the Fisher equation; Fisher, 1973). Due to the resolution (2mm3), voxels in brain 431 

stem regions are not reported in the tables. Follow-up ROI analyses were conducted by 432 

using REX (http://web.mit.edu/swg/software.htm) to extract first-level parameter 433 

estimates for each subject for the conditions of interest to be entered into ANOVAs and 434 

t-tests and to extract the second-level parameter estimates of slopes to visualize the 435 

correlations between amygdala post-encoding RSFC by phase and memory 436 

performance by valence (see bar plots in Figure 4). Foci conversion (MNI to Talaraich 437 

coordinates) was implemented using the GingerAle (http://www.brainmap.org/ ale/). 438 

Rendering of statistical maps was implemented using MRIcroGL 439 

(http://www.mccauslandcenter.sc.edu/mricrogl/home) and MRICRON 440 

(http://people.cas.sc.edu/rorden/mricron/index.html). 441 

 442 

Results 443 

Memory performance and emotional memory bias 444 

Overall recognition memory performance (d’) varied across the 29 participants (M = 445 

0.74, SD = 0.33, SE = 0.06, range: 0.17-1.52) and was lower than in our original 20-446 

minute delay study (M = 1.22, SE = 0.1; Kark and Kensinger, 2015), which is not 447 

surprising given the longer study-test interval. As in our 2015 paper, we observed no 448 
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significant group-level effects of valence on memory performance (F(2,56) = 1.7, p = 449 

0.19, ANOVA) between negative (M = 0.76, SD = 0.40, SE = 0.08), positive (M = 0.80, 450 

SD = 0.44, SE = 0.08), and neutral stimuli (M = 0.69, SD = 0.34, SE = 0.06). 451 

Importantly, there was a range of memory bias scores (Negative d’ minus Positive d’) 452 

scores across participants (SD = 0.35, range: -0.71 to +0.71); 13 participants showed a 453 

negative memory bias while 16 showed the opposite bias (see full spread of negative 454 

and positive memory bias in the scatter plots in Figure 4, bottom). Individual differences 455 

in memory biases were not correlated with differences in post-scan ratings of arousal 456 

and absolute valence between the negative and positive IAPS images across the 29 457 

participants (Arousalneg-pos: r(27) = .16, p = 0.41; Absolute Valenceneg-pos: r(27) = .19, p = 458 

0.34, Pearson’s correlation), suggesting that they arose from memory differences and 459 

not merely differences in emotional experience. 460 

 461 

Memory task-based fMRI results 462 

Replication of enhanced visuosensory recapitulation for negative memories 463 

Before examining new questions regarding individual differences in emotional memory 464 

biases, we first sought to replicate our prior findings demonstrating enhanced 465 

recapitulation in visuosensory regions for negative memories (Kark and Kensinger, 466 

2015; Bowen and Kensinger, 2016) and confirm that enhanced group-level 467 

visuosensory recapitulation for negative events extends to a 24-hour study-test delay. 468 

Indeed, the conjunction analyses revealed encoding-to-retrieval overlap for negative 469 

memories in the bilateral ventral visual stream (inferior temporal and fusiform gyri), 470 

parahippocampal cortex, parietal areas, as well as lateral and orbital portions of the 471 
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prefrontal cortex (see activity in red in Figure 2A and refer to Figure 3 in Kark and 472 

Kensinger, 2015).  473 

Additional control analyses show that many of these negative memory 474 

recapitulation regions—including ventral visual regions such as the inferior temporal gyri 475 

and parahippocampal cortex—remain even when the post-scan ratings of arousal were 476 

entered as a participant-specific regressor in the fixed effects models (see activity in 477 

magenta in Figure 2A). However, two of the ventral visual stream clusters (of the right 478 

inferior temporal gyrus clusters and of the left fusiform gyrus clusters) no longer reached 479 

significance with arousal in the models. In another control analysis, there were no 480 

regions that showed arousal-memory interactions across encoding and retrieval (i.e., a 481 

conjunction of positive parametric relation of arousal for Hits > Misses across both 482 

phases), further suggesting the majority of these recapitulation effects were not driven 483 

by systematic differences in arousal between the valences. However, future work with 484 

tighter controls is needed to clarify valence-arousal interactions. Notwithstanding, these 485 

replication results and additional control analyses were critical for three reasons: They 486 

allowed us to 1) root the central individual differences questions of the current study in a 487 

replication of prior work (Kark and Kensinger, 2015), 2) to further demonstrate that 488 

negative valence indeed enhances recapitulation in the present paradigm with a 24-hr 489 

study-test delay, suggesting that visuosensory enhancement remains relevant to 490 

negative memory processes long after encoding, and 3) to show that subjective arousal 491 

differences are not driving the valence differences in the distribution of the recapitulation 492 

effects.  493 

 494 
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Links between individual differences in negative memory bias and valence-specific 495 

retrieval success activity 496 

With the recapitulation results replicated, we then moved on to ask new questions 497 

regarding links between valence-enhanced retrieval activity and emotional memory 498 

bias. Since we have consistently found group effects of visuosensory recapitulation for 499 

negative memories, we hypothesized that individual differences in negative memory 500 

bias would be associated with greater memory-related visuosensory activation at the 501 

time of retrieval. If visuosensory processes are linked with better memory for negative 502 

but not positive stimuli, those participants with greater success-related retrieval activity 503 

in visual processing regions will be biased toward remembering more of the negative 504 

images, compared to the positive images. To test this hypothesis, we examined the 505 

whole-brain correlations between Negative > Positive Retrieval Success Activity 506 

(directional contrast) and behavioral negative memory bias (Negative d’ – Positive d’). 507 

We additionally masked this map with the relationship between Negative Retrieval 508 

Success Activity (Hits > Misses) correlated with Negative d’ (at p < 0.05, see activity in 509 

yellow in Figure 2B), to ensure effects in the resulting clusters were not driven by an 510 

inverse correlation with positive memory. These analyses identified several visual cortex 511 

clusters including a large swath of the calcarine sulcus (MNIxyz = 4, -88, -10, k = 115), 512 

the left lingual gyrus (MNIxyz = -22, -82, -16, k = 79), and the right occipital fusiform 513 

gyrus (MNIxyz = 20, -76, -10, k = 50), each with corresponding peaks that survived the 514 

inclusive masking technique (MNIxyz = -6, -86, -10, k=30;  MNIxyz=-20, -82, -16, k=25; 515 

MNIxyz =4, -92, -10 k=18, MNIxyz= 24, -78, -10, k=12). No other clusters outside of the 516 

visual cortex were identified by the masking procedure. The same clusters were 517 
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identified when a follow-up model included an across subject covariate of post-scan 518 

rating differences of arousal between negative and positive stimuli (i.e., average 519 

negative arousal ratings – average positive arousal ratings). There were no 520 

suprathreshold voxels for the comparison assessing a relation between positive 521 

memory bias and valence-specific retrieval activity for positive stimuli. Together, these 522 

results suggest that those participants with greater memory-related activity in 523 

visuosensory regions are also those that remember more of the negative than positive 524 

stimuli at the time of retrieval. Importantly, these effects were not driven by participants 525 

who merely thought the negative stimuli were more arousing than the positive stimuli, 526 

further suggesting a valence-specific enhancement in memory related to enhanced 527 

visuosensory memory-related activation at retrieval. 528 

 529 

[INSERT FIGURE 2] 530 

 531 

Resting state fMRI results 532 

Before turning to the novel aspects of the present study, we first sought to root our 533 

individual differences analyses in a replication of past work of group-level amygdala 534 

RSFC patterns (Geissman et al., 2018). First, pre-encoding resting state networks 535 

resembled those previously reported (Roy et al., 2009; Geissmann et al., 2018), with 536 

positive RSFC of the bilateral amygdala with large swaths of ventro- and dorso-medial 537 

prefrontal cortex (PFC), temporal lobes, orbital and inferior PFC (shown in red in Figure 538 

3A). Anticorrelations were observed in the middle frontal gyrus, parietal areas, and 539 

precuneus (shown in blue in Figure 3A). These finding suggest our group of participants 540 
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show typical amygdala RSFC patterns at rest before encoding. Second, at the group-541 

level, we found pre-to-post encoding increases in amygdala RSFC with regions such as 542 

the precuneus, inferior frontal gyrus, middle temporal gyrus, and insula see Table 1 and 543 

Figure 3B). We found minimal group-level pre-to-post encoding increases in amygdala 544 

RSFC in visuosensory areas, with the exception of right amygdala RSFC increases with 545 

a portion of the right fusiform gyrus and the right temporal pole. While these changes 546 

suggest some reconfiguration of amygdala networks detectable at the group-level 547 

following emotional picture viewing, these patterns but do not inform us about emotional 548 

memory processes specifically. 549 

 550 

[INSERT FIGURE 3 AND TABLE 1] 551 

 552 

Individual differences in post-encoding amygdala RSFC and emotional memory biases 553 

After establishing that our task effects replicate our prior work (Kark and 554 

Kensinger 2015) and the pre-encoding amygdala RSFC is consistent with previously-555 

reported patterns (Geissmann et al., 2018), we then moved on to address the critical 556 

analyses: Examining links between individual differences in immediate post-encoding 557 

amygdala RSFC increases and long-term valence-specific emotional memory biases. 558 

We hypothesized that offline amygdala-visuosensory and amygdala-frontal RSFC 559 

enhancements during post-encoding rest—compared to pre-encoding rest—would be 560 

associated with later negative and positive memory biases, respectively. Consistent with 561 

this hypothesis, negative memory performance (Negative d’) was correlated with post-562 

encoding enhancements of right amygdala RSFC with early visual cortex (BA17; 563 
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spanning the cuneus, calcarine sulcus, occipital pole) as well as the superior, middle, 564 

and inferior occipital gyri (BA18/19; results for neutral and positive memory performance 565 

exclusively masked out, see activity in red in Figure 4 and Table 2). The whole-brain 566 

analyses further demarcated two right visual regions (lingual gyrus/inferior occipital 567 

gyrus [BA18/19], k=103; inferior/middle occipital gyrus [BA19], k=147) that showed a 568 

whole-brain correlation between negative memory bias (Negative d’ – Positive d’) and 569 

post-encoding increases of right amygdala RSFC (see plots and activity in yellow in 570 

Figure 4). The whole-brain RSFC effects of the left amygdala were not as wide spread 571 

as the right amygdala; however, the only cortical region to show a relation between 572 

post-encoding enhancements of left amygdala RSFC and negative memory bias was 573 

the same right lingual gyrus/inferior occipital gyrus region (MNIxyz = +28, -88, -18, k=20) 574 

that showed the effect with the right amygdala.  575 

While negative memory performance and negative memory bias were associated 576 

with amygdala-visuosensory increases in RSFC, positive memory performance was 577 

associated with right amygdala-frontal post-encoding increases in RSFC, including the 578 

dorsal anterior cingulate cortex (dACC), ventrolateral PFC, inferior frontal gyrus, orbital 579 

frontal cortex, and medial prefrontal cortex (see Table 2). Whole-brain analyses 580 

identified voxels (k=37) within the dACC as associated with positive memory bias (see 581 

symbol to demarcate significant bias in Table 2). The same dACC region showed a 582 

whole-brain correlation between left amygdala increases in RSFC and positive memory 583 

performance (MNIxyz = -4, 36, 26, k = 32), but only a sub-threshold relation to positive 584 

memory bias (whole-brain threshold p = 0.05, k = 16). Further, post-encoding RSFC 585 

increases of the left amygdala with the superior frontal gyrus showed a significant 586 



Amygdala Connectivity and Emotional Memory Bias 

 26 

relationship to positive memory bias (MNIxyz = -22, 18, 38, k = 16). Overall, these results 587 

suggest a similar pattern of RSFC effects of the right and left amygdala. Follow-up 588 

analyses of pre-retrieval RSFC of the right amygdala suggest no significant link 589 

between pre-retrieval amygdala-visuosensory levels of RSFC and negative memory 590 

bias (r(26) = -0.15, p = 0.44, Pearson’s correlation) or amygdala-dACC levels RSFC 591 

and positive memory bias (r(26) = 0.02, p = 0.93, Pearson’s correlation). These data 592 

suggest the principal findings are detectable shortly after encoding and there is no 593 

significant relationship between to pre-retrieval configuration of the amygdala RSFC 594 

networks with these areas and valence-specific memory performance. Together, these 595 

results provide new evidence of valence-specific effects of amygdala functional 596 

connectivity enhancements with distant brain regions after encoding on subsequent 597 

behavioral memory biases.  598 

Given prior work establishing links between memory vividness and occipital 599 

activity (Richter et al., 2016), we tested if the present visuosensory-amygdala RSFC 600 

links with negative memory bias were also related to biases in negative memory 601 

vividness (i.e., negative memory vividness - positive memory vividness). Results 602 

returned no significant relationship between right amygdala post-encoding RSFC 603 

increases with the two visuosensory clusters that showed a relation to a greater 604 

negative memory bias (right lingual gyrus/inferior occipital gyrus: r(27) = -.07, p = 0.71; 605 

right inferior/middle occipital gyrus: r(27) = -.07, p = 0.73, Pearson’s correlations). 606 

Similarly, follow-up analysis returned no significant relationship between right amygdala 607 

post-encoding increases with the dACC and greater positive memory vividness, 608 

compared to negative memory vividness (r(27) = -.27, p = .16, Pearson’s correlation). 609 
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However, we instructed participants to make vividness ratings based not only on 610 

memory for visual details but also thoughts, feelings, or reactions to the original photo, 611 

making it impossible to draw conclusions about the content of the memoranda driving 612 

vividness for each trial. Our null results could reflect that participants use one aspect of 613 

vividness to rate negative vividness (e.g., visual details) and another aspect (e.g., 614 

thoughts or feelings) to rate positive vividness.  615 

 616 

[INSERT FIGURE 4 AND TABLE 2] 617 

 618 

Control analyses  619 

We ran several control analyses to confirm that the relationship between post-encoding 620 

increases in amygdala RSFC and negative memory biases were not driven by individual 621 

valence differences in univariate encoding levels of amygdala and visuosensory 1) 622 

activity, 2) functional connectivity 3) “background connectivity”, or 4) valence-differences 623 

in the post-scan subjective ratings of valence and arousal across participants or 5) 624 

parallel changes in hippocampal or other subcortical connectivity with these areas. 625 

Encoding functional connectivity models were created using the gPPI toolbox (available 626 

at http://brainmap.wisc.edu/PPI; McLaren et al., 2012). Encoding “background 627 

connectivity” was calculated similar to previously reported methods (Al-Aidroos et al., 628 

2012; Duncan et al., 2014; Murty et al., 2017) by extracting signal from the right 629 

amygdala, right lingual gyrus/inferior occipital gyrus, and dACC, from fixed-effect model 630 

residuals, which are thought to represent task and noise filtered signal. These signals 631 

were band-pass filtered [0.01 - 0.08 Hz] and pairwise correlation coefficients were r-to-z 632 
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transformed and saved as the metric of background connectivity for each participant. 633 

These control metrics of interest were entered as covariates in four separate follow-up 634 

random-effects models to confirm that the whole-brain links between individual 635 

differences in pre-to-post encoding increases in right amygdala RSFC and emotional 636 

memory biases remained suprathreshold when controlling for these possible across-637 

subject explanations of the effects. The principal valence-specific links of right amygdala 638 

RSFC links with negative and positive memory biases remained significant in the 639 

inferior occipital gyrus and DACC, respectively, when these additional random-effects 640 

factorial models controlled for 1) encoding activity differences between negative and 641 

positive hits and 2) functional connectivity differences in the right amygdala, right lingual 642 

gyrus/inferior occipital gyrus, and DACC between negative and positive hits, as well as 643 

3) encoding background connectivity differences of the RAMY with these target regions, 644 

and 4) valence differences in post-scan ratings of arousal and absolute valence (e.g., 645 

average negative arousal ratings – average positive arousal ratings). RSFC analysis of 646 

other subcortical seed regions (i.e., hippocampus and putamen) with the principal 647 

visuosensory clusters associated with negative memory biases returned no significant 648 

link with negative memory bias (all rs<.3, ps>0.1, Pearson’s correlations). A similar 649 

pattern was observed for positive memory bias and post-encoding RSFC increases with 650 

the dACC cluster. These data suggest the principal negative memory bias effects might 651 

be specific to the amygdala and were not driven by hippocampal (but see Exploratory 652 

mediation analysis) or putamen influences of increased post-encoding RSFC with these 653 

cortical targets. 654 
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 Follow-up analysis of post-encoding resting state fMRI scans available from the 655 

original 20-minute study-test delay study (Kark and Kensinger, 2015) using a separate 656 

set of participants shows no significant correlation between post-encoding right 657 

amygdala-visuosensory RSFC and negative memory bias (r(20) = -0.24,  p = 0.28, 658 

Pearson’s correlation) or right amygdala-dACC RSFC and positive memory bias (r(20) = 659 

-0.1, p = 0.67, Pearson’s correlation). These data suggest that a delay longer than 20 660 

minutes might be required to observe a relation between post-encoding amygdala 661 

RSFC increase with these ROIs and long-term memory. However, future work is 662 

needed to directly confirm the need for an extended delay, since these RSFC scans 663 

were collected on a different scanner and used different acquisition parameters (47 664 

slices, TR=3000ms, 100 images, 3mm3 voxels) and pre-encoding scans were not 665 

collected. Together, these follow-up analyses demonstrate that the principal findings are 666 

not driven by differences during encoding or by subjective reactivity differences to the 667 

images as valence categories, and likely reflect enhanced amygdala engagement 668 

following encoding that is relevant to later behavior in a valence-specific fashion. 669 

 670 

Exploratory mediation analysis 671 

We have presented evidence that negative memory biases are associated with 672 

visuosensory engagement both online during retrieval and offline during post-encoding 673 

rest periods: Specifically, we have demonstrated that negative memory bias is related to 674 

both 1) greater retrieval success activation in visuosensory areas for negative compared 675 

to positive stimuli as well as 2) greater enhancements of visuosensory-amygdala 676 

connectivity during post-encoding offline rest periods. Although these visuosensory 677 
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areas that showed a significant relation with negative memory bias were not directly 678 

spatially overlapping—possibly due to differences of engagement while at rest as 679 

compared to during task or after a period of consolidation—we utilize these metrics to 680 

capture individuals who show a visuosensory tendency in the brain with regard to 681 

negative memory bias. With these across-subjects metrics, we conducted an 682 

exploratory, post hoc mediation analysis to test if post-encoding amygdala-visuosensory 683 

RSFC increases (Figure 4) and visuosensory negative-biased retrieval activity (Figure 684 

2B) independently influence behavioral negative memory bias (unmediated) or if post-685 

encoding right amygdala RSFC increases set-up visuosensory brain areas for a 686 

negative memory bias mode at retrieval (see Model 1 below in Figure 5). That is, do 687 

changes in amygdala-visual RSFC immediately following encoding (independent X 688 

variable) influence negative memory bias (dependent Y variable) via biases in visual 689 

retrieval activity (mediator Z variable)? 690 

Mediation methods. For the Visuosensory-Amygdala  RSFC variable (X), we 691 

chose the magnitude of right amygdala post-encoding change with the right lingual 692 

gyrus/inferior occipital gyrus region (MNIxyz = 28, -88, -16, shown in yellow in the pop-693 

out plot in Figure 4 and sagittal slice in Figure 5). We chose this particular area because 694 

it 1) fell nearer to the right hemisphere clusters that showed visuosensory negative-695 

biased retrieval activity (Figure 2b) and 2) because it fell nearer to the terminal area of 696 

the inferior longitudinal fasciculus (Catani et al., 2003), which structurally connects the 697 

amygdala and occipital cortex. For the Visuosensory Negative-Biased Retrieval Activity 698 

variable (M), we averaged the parameter estimates (Negative Retrieval Success > 699 

Positive Retrieval Success directional contrasts) from the right hemisphere clusters that 700 
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showed a correlation with behavioral negative memory bias (MNIxyz= 24, -78, -10 and 701 

MNIxyz= 4, -92, -10, circled on the axial slice in Figure 5), since amygdala effects tend to 702 

be strongest ipsilaterally (Amaral et al., 2003; Kilpatrick and Cahill, 2003; Vuilleumier et 703 

al., 2004). 704 

 We then tested the hypothesized mediation model (Model 1, shown in Figure 705 

5A), with the metric of Behavioral Negative Memory Bias (Negative d’ – Positive d’) as 706 

the dependent variable (Y). In Model 1, post-encoding amygdala-visuosensory RSFC 707 

increases (X, Visuosensory-Amygdala  RSFC) predict Behavioral Negative Memory 708 

Bias via Visuosensory Negative-Biased Retrieval Activity (M). In Model 2, Visuosensory 709 

Negative-Biased Retrieval Activity predicts Behavioral Negative Memory Bias via 710 

Visuosensory-Amygdala  RSFC on the prior day. 711 

We utilized regression analysis and a bootstrapping estimation method to 712 

determine significance of the mediation model using PROCESS 713 

(http://www.processmacro.org/index.html; Hayes, 2018), regression path analyses 714 

modelling tool we implemented in SPSS 24. Mediation is determined significant if the 715 

confidence interval does not contain 0. Unstandardized regression coefficients (b 716 

values) and bootstrapped 95% confidence intervals (10,000 iterations) were used to 717 

determine significance and standardized coefficients (β) are reported for comparisons 718 

across studies.  719 

Mediation results. In Model 1 (see Figure 5A), Visuosensory Amygdala Change 720 

in RSFC (X) was a significant predictor of Visuosensory Negative-Biased Retrieval 721 

Success Activity (b = 7.51, SE = 2.79, p = 0.01, CIs = [1.69, 13.34], β = 0.52) and 722 

explained 27% of the variability of retrieval activity (R2=0.27). Visuosensory Amygdala 723 
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Change in RSFC no longer predicted negative memory bias (b = 0.38, SE = 0.30, p = 724 

0.22, CIs = [-.24, 0.99], β=0.26) when Visuosensory Negative-Biased Retrieval Success 725 

bias was added to the model as a mediator (b = 0.05, SE = 0.02, p = 0.03, CIs = [0.01, 726 

.09], β = 0.48), suggesting a complete mediation. The indirect effect was found to be 727 

significant using a bootstrap estimation approach with 10,000 samples (b=0.36, 728 

SEboot=0.20, CIsboot = [0.08, 0.87], β=0.25). That is, a one standard deviation difference 729 

in post-encoding right amygdala RSFC was associated with 0.1 greater difference in 730 

negative memory bias (Negative d’ – Positive d’), as mediated by visuosensory retrieval 731 

success activity. Approximately 42% of the variance in behavioral negative memory bias 732 

was accounted for by these two predictors (R2 = .42). The indirect effects were also 733 

significant and indicated a full mediation when additional models were run with the two 734 

retrieval clusters averaged to create the M variable were run separately (when M values 735 

were extracted from MNIxyz= 4, -92, -10: b=0.35, SEboot=0.20, 95% CIsboot = [0.07 0.88], 736 

β=0.24; MNIxyz= 24, -78, -10: b=0.29, SEboot=0.17, 95% CIsboot = [0.04 0.71], β=0.20), 737 

suggesting neither cluster drove the indirect effect when collapsed across those two 738 

clusters. A full mediation suggests post-encoding enhancements of Visuosensory-739 

Amygdala  RSFC predict later Visuosensory Negative-Biased Retrieval Activity, which 740 

in turn predicts the magnitude of the Behavioral Negative Memory Bias. In other words, 741 

post-encoding processes set-up the brain for a negative-biased retrieval mode, which 742 

drives the gap between remembering more of the bad than the good.  743 

While Model 1 makes the most sense both theoretically and chronologically (i.e., 744 

post-encoding processes precede retrieval activity), we also evaluated the possibility 745 

that the association between retrieval activity bias and negative memory bias could be 746 
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mediated by a prior history of post-encoding increases in amygdala RSFC, and not that 747 

amygdala RSFC increases cause retrieval activity biases. Using the same approach but 748 

with Visuosensory Negative-Biased Retrieval Activity as the independent variable (X) 749 

and Visuosensory-Amygdala  RSFC as the mediator (M), the indirect effect in Model 2 750 

was not found to be significant (b = 0.01, SEboot = 0.01, CIsboot = [-0.01, .04], β = 0.13).  751 

Additional first-stage moderated mediation model. We further explored for 752 

hippocampal contributions to these links. Although post-encoding increases in right 753 

hippocampal RSFC (Visuosensory-Hippocampal  RSFC) with the right lingual 754 

gyrus/inferior occipital gyrus region were not statistically significant (r(27) = .28, p = 755 

0.14, Pearson’s correlation), post-encoding increases of Visuosensory-Hippocampal  756 

RSFC moderated the relationship between Visuosensory-Amygdala  RSFC and 757 

Visuosensory Negative-Biased Retrieval Activity (see Figure 5B for plot of the 758 

interaction). A moderated mediation model further revealed that the indirect effect of X 759 

on Y through M shown in Figure 5A was only significant at average or greater-than-760 

average levels of Visuosensory-Hippocampal  RSFC (Waverage-1SD: b=0.22, SEboot = 761 

0.22, CIsboot=[-.25 0.64]; Waverage: b=0.44, SEboot = 0.26, CIsboot=[.02 1.05]; Waverage+1SD: 762 

b=0.67, SEboot = 0.43, CIsboot=[.10 1.68]). Although these findings require further 763 

examination with a larger sample size, these results provide preliminary evidence that 764 

greater visuosensory-hippocampal increases in post-encoding RSFC augment the 765 

indirect effect that visuosensory-amygdala RSFC exerts on negative memory biases. 766 

 767 

[INSERT FIGURE 5] 768 

 769 
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Discussion  770 

The present study is the first to demonstrate not only valence-specific emotional 771 

memory retrieval patterns but also valence-specific links between post-encoding 772 

increases in amygdala-cortical RSFC and long-term episodic emotional memory biases. 773 

These results emphasize that negative memories differ from positive not only in the way 774 

the content is initially encoded but also in how that content is consolidated over time 775 

and brought to mind at retrieval. Primarily, we demonstrate that behavioral negative 776 

memory bias was specifically associated with ‘offline’ post-encoding RSFC increases of 777 

the amygdala with occipital areas, and that activation of similar visual regions at the 778 

time of retrieval was also linked to negative memory bias.  779 

These findings are consistent with a growing body of work demonstrating that 780 

immediate post-learning functional connectivity of the MTL can have long-term 781 

consequences on subsequent memory (Tambini et al., 2010; Staresina et al., 2013; 782 

Tambini and Davachi, 2013; Tambini et al., 2017), including fear memory (de Voogd et 783 

al., 2016; Hermans et al., 2017). Here we show that some of these effects are 784 

dissociable along the dimension of emotional valence. These results may provide new 785 

avenues for understanding or remediating negative memory biases, by revealing that 786 

negative memory biases can be linked to the way that sensory processes are integrated 787 

into amygdala-centered emotional memory networks.   788 

 789 

Post-encoding amygdala-cortical RSFC predicts emotional memory 790 

The key finding was a valence-based dissociation in the link between post-791 

encoding amygdala RSFC increases and long-term emotional memory biases: Greater 792 
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amygdala engagement with occipital and frontal areas immediately following encoding 793 

was differentially associated with greater negative and positive memory biases, 794 

respectively. Inferior occipital and medial frontal areas show dense reciprocal 795 

connections with the amygdala along the inferior longitudinal fasciculus and uncinate 796 

fasciculus, respectively (Catani et al., 2003; Ghashghaei et al., 2007), making these 797 

offline functional changes in connectivity anatomically plausible. While we can only 798 

speculate why the individual differences in negative memory biases play out in more 799 

posterior visual processing regions, one possibility is that participants with a stronger 800 

negative memory bias are bringing to mind more fine-grained visual features of the 801 

negative stimuli to support memory. Similar areas of the inferior middle occipital gyrus 802 

have been associated with sensitivity to spatial frequency information (Rotshtein et al., 803 

2007) and retrieval of color (Ueno et al., 2007), raising the possibility that those 804 

participants with greater posterior visuosensory engagement bring to mind these visual 805 

features. In contrast, group-level recapitulation effects in relatively more anterior visual 806 

regions might reflect reactivation of higher-order visual representations (Wheeler and 807 

Buckner, 2003).    808 

Positive memory performance was associated with post-encoding amygdala 809 

RSFC increases with frontal regions, with a specific positive memory bias effect 810 

associated with amygdala-dACC RSFC. These findings are broadly consistent with prior 811 

word (Mickley Steinmetz et al., 2010) but extend amygdala-frontal influences on 812 

memory into post-encoding periods. Perhaps amygdala enhancement of frontal areas 813 

involved in gist- or heuristic-based memory processing associated with positive stimuli 814 

(Kensinger and Schacter, 2008) and the experience of positive emotions (Ashby et al., 815 
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1999; Fredrickson and Branigan, 2005) tips the scale toward overall better recognition 816 

memory of positive stimuli. 817 

 818 

Amygdala-visuosensory RSFC may influence negative memory bias via retrieval activity 819 

The exploratory mediation analysis suggests those participants with greater post-820 

encoding amygdala-visuosensory RSFC have greater memory-related visuosensory 821 

activity for negative stimuli compared to positive stimuli during retrieval, resulting in a 822 

more pronounced negative memory bias. Although these visuosensory areas were not 823 

directly overlapping, individuals with a tendency toward visuosensory engagement may 824 

exhibit a greater negative memory bias. The change over time in the exact visuosensory 825 

areas could plausibly be consistent with systems consolidation, such that initial changes 826 

in one set of regions may trigger changes over time in distal regions. The exploratory 827 

moderated mediation result was broadly consistent with a systems consolidation view 828 

as well, suggesting a role for the hippocampus in moderating the indirect effects of 829 

amygdala-visuosensory RSFC on negative memory bias through retrieval activity. While 830 

exploratory, these results may help to guide further research that can settle recent 831 

debates about the role of amygdala-hippocampal interactions in emotional memory 832 

(e.g., Yonelinas and Ritchey, 2015; Inman et al., 2018). 833 

 834 

Modulatory role of the amygdala 835 

Our study provides new evidence in humans that in the minutes following an 836 

emotional experience, long-term behavioral emotional memory outcomes are influenced 837 

by increases in post-encoding amygdala coupling with neocortical regions, and the 838 
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regions of interaction determine the dominant valence to-be remembered later. The 839 

present findings are broadly consistent with the modulation hypothesis of amygdala 840 

function and are also aligned with Müller and Pilzecker’s perseveration-consolidation 841 

hypothesis (1900), which proposed that neural activity can continue for hours after initial 842 

learning, suggesting a role of the amygdala after encoding (McGaugh, 2005). Pelletier 843 

and colleagues (2005) suggest “that the memory-modulating role of the BLA would not 844 

depend on the specific activation of particular groups of BLA neurons, but on the activity 845 

patterns taking place in BLA projection sites when the emotional arousal occurred”. Yet 846 

the present results also provide intriguing evidence that, while emotional arousal 847 

undoubtedly enhances amygdala activation and engagement with distant brain regions, 848 

the target sites of those interactions may depend on valence (Tye, 2018).  849 

  850 

Limitations and future work 851 

There are a few limitations and important next steps in this research. Although 852 

these data are consistent with memory consolidation theories and could reflect early 853 

consolidation processes, future work is needed to confirm that RSFC changes reflect 854 

‘offline’ memory consolidation processes. Future work is needed to formally test in a 855 

within-subjects design if the link between post-encoding amygdala RSFC and valence-856 

specific memory biases require a long period of consolidation to be observed. Although 857 

RSFC studies provides an important window into memory consolidation, it is challenging 858 

to separate off-line consolidation effects from those elicited by participants’ thoughts or 859 

rehearsals following encoding. For instance, it is possible that the amygdala-frontal 860 

RSFC connectivity increase corresponds with positive memory biases not because of 861 
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changes to intrinsic network connectivity but because those participants who employ an 862 

active emotion regulation strategy post-encoding end up remembering more of the good 863 

than the bad. Future work is needed to adjudicate between consolidation and other 864 

rehearsal or regulatory accounts of these data. Notwithstanding, the current results 865 

provide the first evidence that amygdala-visuosensory coupling following an event 866 

predicts negative memory bias and further highlights the need for valence-based 867 

accounts of emotional memory. 868 

More generally, it will be important for future research to examine whether the 869 

pattern of results revealed here requires a longer delay.  If these results reflect systems 870 

consolidation, then the link between emotional memory bias and post-encoding 871 

amygdala-neocortical interactions might depend on a lengthy study-test delay. In the 872 

fear conditioning literature, it is broadly accepted that long-term systems consolidation 873 

memory is assessed over days and weeks rather than minutes or hours (Nader, 2003; 874 

Dudai et al., 2015), yet shorter delays are common when assessing episodic emotional 875 

memory. Future episodic emotional memory work could consider that same-day testing 876 

might not be ideal for examining how “long-term” emotional episodic memory effects are 877 

instantiated in neocortical areas.  878 

Another direction for future research will be to clarify which aspects of memory 879 

are enhanced via these interactions with the amygdala. Recent work has emphasized 880 

differences in the effects of negative valence on subjective memory vividness, the 881 

precision of visual feature encoding, and the precision of visual retrieval (Cooper et al., 882 

in press). Future work can test if post-encoding MTL-visuosensory interactions bear 883 

influence not only on memory discrimination, as revealed here, but also on memory 884 
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measures such as visual specificity (e.g., (Kensinger and Schacter, 2007; Leal et al., 885 

2014), continuous color (Richter et al., 2016) or salience judgements (Cooper et al., in 886 

press), that might underlie differences between negative and positive memories. 887 

While the present work lays a preliminary foundation to explain variability in 888 

emotional memory biases, none of the participants in the present study reported a 889 

history of affective disorders, so it will be important to decipher if these basic valence-890 

specific memory mechanisms map onto the exaggerated negative memory biases 891 

observed in psychopathology (Haas and Canli, 2008) or to the positive memory biases 892 

in aging that rely more heavily on prefrontal and cingulate engagement (Kensinger and 893 

Schacter, 2008), each of which can be maintained over many months.  894 

 895 

Conclusions 896 

 The current study is the first to demonstrate that post-encoding amygdala RSFC 897 

patterns are linked with behavioral measures of valence-specific emotional memory 898 

biases. The dominant valence remembered by an individual depends on the regions 899 

showing the strongest RSFC with the amygdala post-encoding, with posterior 900 

visuosensory and frontal connectivity differentially supporting negative and positive 901 

memory biases, respectively. We circumvented and controlled for stimulus-bound 902 

differences, reducing the likelihood that these valence effects would be driven by low-903 

level visual differences or greater subjective feelings of arousal for negative images. 904 

These findings suggest valence-specific effects occur outside the context of encoding or 905 

retrieval tasks during ‘offline’ periods following encoding—possibly contributing to early 906 

consolidation processes. These data support a new valence-based account of 907 
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emotional memory enhancement (Bowen et al., 2018) and provide evidence for 908 

valence-specific differences in amygdala connectivity that give rise to remembering 909 

more of the bad than the good. 910 
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Figure and Table Legends 1089 

 1090 

Figure 1. 1A) Participants were scanned over the course of two days during an 1091 

incidental encoding and a 24-hour surprise recognition memory task. RSFC scans were 1092 

acquired before and after incidental encoding, as well as directly before retrieval. 1B) 1093 

Sample encoding trials. 1C) Participants returned to the scanner 24 hrs later for a 1094 

surprise recognition memory task in which all of the old line-drawings and an equal 1095 

number of new line-drawings were presented one at time. For each item, participants 1096 

had 3 seconds to rate if a line-drawing was “Old” (1-4) or “New” (0), followed by a 1097 

jittered fixation period (1.5-9s). Sample recognition stimuli are shown, with the depicted 1098 

study history listed below in the gray boxes. 1099 

 1100 

Figure 2. 2A) Replication of group-level whole-brain encoding-to-retrieval overlap 1101 

effects for negative stimuli are plotted in red, with regions that directly overlap with 1102 

clusters from our prior study (Kark and Kensinger, 2015) demarcated using yellow star 1103 

symbols. Regions that survived controlling for item-level subjective arousal from the 1104 

post-scan ratings are shown in magenta for negative memories and cyan for positive 1105 

memories. 2B) Whole-brain correlations between individual differences in Negative > 1106 

Positive Retrieval Success Activity and negative memory bias are shown in red, with 1107 

yellow areas to identify clusters that also show a correlation between Negative Retrieval 1108 

Success and Negative d’ (inclusive masking technique thresholded at a p < 0.05). 1109 

Individual data points from a cluster in the left calcarine sulcus (circled in red in the 1110 

sagittal and axial slices) are visualized in a scatter plot (lower right). The scatted plot 1111 
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contains filled circles representing the n=22 participants included in the whole-brain 1112 

analyses, but also open circles that represent the data for the seven participants 1113 

excluded from the whole-brain retrieval analysis who might have noisier estimates of 1114 

retrieval success activity due to a low number of misses. The red X’s represent the n=2 1115 

participants who were not included in any of the group task or RSFC analyses but are 1116 

plotted to observe how the pattern might extend if these participants were included in 1117 

analysis. 1118 

 1119 

Figure 3. 3A) Group-average amygdala RSFC during pre-encoding (baseline) 1120 

replicates a typical widespread pattern of positive correlations (shown in red) and anti-1121 

correlations (shown in blue). 3B) Depicts the group-level pre-to-post encoding increases 1122 

in left (shown in blue) and right (shown in green) amygdala RSFC. Overlap between the 1123 

left and right amygdala maps in the precuneus are shown in cyan.  1124 

 1125 

Figure 4. Post-encoding enhancement of right amygdala connectivity and valence-1126 

specific emotional memory biases. The right amygdala seed region is shown in green. 1127 

Whole-brain correlations between post-encoding increases in amygdala connectivity 1128 

and a) Negative memory performance (Negative d’) are shown in red and b) Positive 1129 

memory performance (Positive d’) effects are shown in blue. Whole-brain correlations 1130 

that additionally show Negative memory bias (Negative d’ – Positive d’) are shown in 1131 

the inferior occipital and lingual gyri in yellow while Positive memory bias (Positive d’ – 1132 

Negative d’) are shown in the dACC in violet. The bar plots display the random-effects 1133 

level parameter estimates of the slope for the correlations between amygdala RSFC 1134 
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and memory performance by valence (negative, neutral, positive) and phase (pre-1135 

encoding, post-encoding). The scatter plots depict the relationship between the 1136 

magnitude of post-encoding amygdala RSFC enhancement (ZPost - ZPre) and magnitude 1137 

of the given emotional memory bias. 1138 

 1139 

Figure 5. 5A) Exploratory Mediation analysis. Visuosensory Negative-Biased Retrieval 1140 

Activity in right occipital cortex (average of two right hemisphere visuosensory regions 1141 

shown in the axial slice, top) completely mediated the relationship between pre-to-post 1142 

encoding increases in Visuosensory-Amygdala RSFC and Behavioral Negative Memory 1143 

Bias, which suggests post-encoding amygdala-visuosensory RSFC enhancements set-1144 

up the brain for a negative-biased retrieval mode visuosensory regions at the time of 1145 

retrieval. The path values represent the unstandardized regression coefficients. 1146 

Significance of the indirect effect was determined by the bootstrapped 95% CIs (10,000 1147 

samples). 5B) Additional first-stage moderated mediation analysis. Follow-up analysis of 1148 

pre-to-post encoding changes of the right hippocampus and the right visuosensory 1149 

region (shown in sagittal slice) revealed a significant moderated mediation, whereby the 1150 

effect of post-encoding amygdala-visuosensory RSFC on Visuosensory Negative-1151 

Biased Retrieval Activity depended on the level of pre-to-post encoding changes of 1152 

visuosensory-hippocampal RSFC. The significant X*W interaction is plotted at various 1153 

levels of visuosensory-hippocampal changes in RSFC. 1154 

 1155 

Table 1. Group pre-to-post encoding increases in amygdala RSFC 1156 

*Signifies overlap between the left and right amygdala maps 1157 
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 1158 

Table 2. Across-subject correlations between post-encoding increases in right 1159 

amygdala RSFC and emotional memory performance (exclusively masking out the 1160 

effects for the other two valences). Links with emotional memory biases are indicated 1161 

with superscripted symbols. 1162 

*Signifies whole-brain relation to emotional memory bias (k-values of sub-clusters reported 

in-text) 

^Left amygdala pre-to-post RSFC shows whole-brain correlation with negative memory 1163 

bias (k=20)   1164 

#Left amygdala pre-to-post RSFC shows whole-brain correlation with positive memory 1165 

bias (k=32)   1166 

 1167 

 1168 
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Table 1. Group pre-to-post encoding increases in amygdala RSFC 

Lobe Region Hemisphere BA MNI (x,y,z) TAL (x,y,z) k 

Right amygdala 

Frontal Inferior Frontal Gyrus L 47 -32,14,-26 -30,14,-18 12 

Precentral gyrus R 6 32,-8,44 28,-13,43 16 

R 6 30,-6,60 26,-13,58 13 

 

Superior frontal gyrus, 

Supplementary motor area R * 6 12,0,60 9,-7,58 42 

Temporal Inferior temporal gyrus R 37 50,-58,-8 45,-55,-7 37 

 Temporal pole R 21,38 44,8,-42 40,9,-32 44 

Parietal 

Precuneus, superior parietal 

lobule L * 7 -16,-44,54 -17,-47,48 104 

 Precuneus R * 7 14,-44,54 11,-48,49 133 

Paracentral Lobule R 5 14,-32,52 11,-36,48 16 

Other Insula R 13 30,18,14 27,14,19 75 

Temporal 

Supramarginal gyrus, 

superior temporal gyrus R * 22, 40 56,-38,22 50,-39,21 68 

Temporal Middle temporal gyrus L NA -44,-20,-12 -42,-19,-9 52 

Temporal Middle temporal gyrus R 20 46,-32,-8 42,-31,-5 35 

Left amygdala 

Frontal 

Inferior frontal gyrus, 

precentral gyrus, R 6,9 60,12,22 54,7,26 126 

Frontal *Supplementary motor area R 6 10,0,56 8,-7,54 57 

Temporal 

* Supramarginal gyrus, 

superior temporal gyrus R 22, 40 46,-34,24 41,-36,23 166 

Parietal Precuneus, pre- and post- R * 7,31 16,-28,48 13,-32,45 167 
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central gyrus 

Parietal 

Precuneus, post-central 

gryus L * 5,7 -16,-44,54 -17,-47,48 28 

Parietal Precentral gyrus L 6 -34,-10,36 -33,-14,35 16 

Other N/A R NA 44,-18,-10 40,-18,-6 34 

Other Parietal operculum L 13 -38,-30,22 -37,-31,21 16 

*Signifies overlap between the left and right amygdala maps 
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Table 2. Across-subject correlations between post-encoding increases in right amygdala RSFC and emotional 

memory performance (exclusively masking out the effects for the other two valences). Links with emotional 

memory biases are indicated with superscripted symbols. 

Lobe Region Hemisphere BA MNI (x,y,z) TAL (x,y,z) k 

 

Negative memory performance  

Occipital Calcarine sulcus, cuneus L 17, 18 0,-102,-6 -1,-96,-10 79 

 Middle occipital gyrus L 18 -30,-98,8 -29,-94,2 11 

Cuneus, superior and middle 

occipital gyri R * 17,18,19 20,-100,18 17,-97,12 492 

Lingual gyrus, inferior occipital 

gyrus, fusiform gyrus R * ^ 18,19 28,-88,-18 25,-82,-19 108 

Parietal Post-central gyrus L 3 -22,-32,52 -22,-36,47 60 

Frontal 

Superior frontal gyrus, 

supplementary motor area R 6 16,-4,58 13,-11,56 21 

Temporal Temporal pole R 38 18,8,-50 16,10,-40 21 

Other Cerebellum L NA -26,-90,-26 -25,-83,-27 12 

 

Positive memory performance 

Frontal Inferior frontal gyrus  L 45 -54,22,0 -51,19,5 38 

  L 46 -38,36,0 -36,32,7 11 

R 45 52,30,-4 47,26,4 57 

Superior frontal gyrus (anterior) L 10 -10,56,6 -10,50,14 33 

Orbital frontal gyrus R 11 10,46,-16 9,42,-6 13 

       

Other Cerebellum R NA 12,-56,-38 10,-51,-35 34 

 Dorsal anterior cingulate L * # 32 -10,38,24 -10,32,29 104 

 Mid-cingulate L 31 -2,-14,46 -3,-19,44 11 
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 Thalamus L NA -16,-14,2 -16,-15,4 104 

 Thalamus L NA -2,-24,8 -3,-25,9 17 

Parietal Post-central gyrus L 40 -58,-22,20 -55,-24,19 63 

L 2 -46,-20,34 -44,-23,32 19 

Temporal Transverse temporal gyrus R 41 40,-28,4 36,-28,6 17 

*Signifies whole-brain relation to emotional memory bias (k-values of sub-clusters reported in-text) 

^Left amygdala pre-to-post RSFC shows whole-brain correlation with negative memory bias (k=20)   

#Left amygdala pre-to-post RSFC shows whole-brain correlation with positive memory bias (k=32)   

 


