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ERROR MONITORING AND MEMORY IN SOCIAL ANXIETY

Abstract

Cognitive models state social anxiety (SA) involves biased cognitive processing that impacts what
is learned and remembered within social situations, leading to the maintenance of SA.
Neuroscience work links SA to enhanced error monitoring, reflected in error-related neural
responses arising from mediofrontal cortex (MFC). Yet, the role of error monitoring in SA remains
unclear, as it is unknown whether error monitoring can drive changes in memory, biasing what is
learned or remembered about social situations. Thus, we developed a novel paradigm to investigate
the role of error-related MFC theta oscillations (associated with error monitoring) and memory
biases in SA. EEG was collected while participants completed a novel Face-Flanker task, involving
presentation of task-unrelated, trial-unique faces behind target/flanker arrows on each trial. A
subsequent incidental memory assessment evaluated memory biases for error events. Severity of
SA symptoms were associated with greater error-related theta synchrony over MFC, as well as
between MFC and sensory cortex. SA was positively associated with memory biases for error
events. Consistent with a mechanistic role in biased cognitive processing, greater error-related
MFC-sensory theta synchrony during the Face-Flanker predicted subsequent memory biases for
error events. Our findings suggest high SA individuals exhibit memory biases for error events, and
that this behavioral phenomenon may be driven by error-related MFC-sensory theta synchrony
associated with error monitoring. Moreover, results demonstrate the potential of a novel paradigm
to elucidate mechanisms underlying relations between error monitoring and SA.
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76  Introduction

77 Social anxiety (SA) is characterized by an extreme, persistent fear of social situations [1]
78 and is one of the most pervasive, chronic, and difficult-to-treat anxiety disorders [2]. Cognitive
79  models describe how SA symptoms are maintained or worsened over time [3], [4], informing
80 efficacious treatment approaches [5]. Nonetheless, treatment outcomes remain suboptimal [6].
81  Clinical neuroscience has identified neural markers of risk for SA [7]-[9], yet it is unclear how
82  supplanting psychological/cognitive measures with neural markers will translate into improved
83  treatment. Thus, there is a need to move beyond “neural markers” towards identification of neural
84  mechanisms implicated in SA that can be targeted/manipulated in treatment. Toward these ends,
85 the current proof-of-concept study draws on cognitive models of SA and emerging clinical
86  neuroscience research to investigate the role of error-related neural oscillations and memory biases
87 inSA.
88
89 Cognitive models state that the maintenance of SA is driven by biased cognitive
90  processing, which impacts what is learned and remembered within social situations [3], [4].
91  Specifically, cognitive models state that fear and worry about social situations leads to greater self-
92  focus, self-monitoring, and attention toward negative aspects of performance (e.g., making
93  mistakes/errors). As a result, negative aspects of performance become more salient and thus better
94  encoded/remembered, negatively biasing self-assessments (i.e., post-event processing) and
95 maintaining SA [3], [4]. Empirical work supports these assertions: SA and self-focus predict
96  memory biases for negative aspects of performance and worse self-evaluations following social
97  situations, ultimately maintaining or worsening SA [10]-[16]. However, work is needed to bridge
98 these cognitive models with emerging findings from neuroscience to elucidate neural
99  mechanism(s) implicated in SA [17].
100
101 Within cognitive neuroscience, “error monitoring” refers to the process of self-monitoring
102  and detecting one’s mistakes, associated with neural activity arising from medial frontal cortex
103 (MFC) [18]-[21]. EEG is particularly well-suited for studying error monitoring, given high
104  temporal resolution [22] and sensitivity to oscillatory patterns (power/phase relations; [23]). Most
105 work focuses on two related EEG measures: the Error-Related Negativity (ERN) [24], [25] and
106 error-related MFC theta oscillations [18], [26], both recorded over MFC and localized, at least in
107  part, to neural sources within MFC [27]-[30]. Theta oscillations exhibit maximal increases in
108 power (magnitude) and synchrony (phase alignment) over MFC following error responses [18],
109  [29], [31], [32]. Moreover, error responses elicit enhanced theta synchronization between MFC
110 and task-relevant brain regions [31], [33], [34], in line with the MFC reflecting a central node in
111  an extended network that detects the need for and recruits control following errors [35], [36].
112
113 Extensive work demonstrates EEG-based measures of error monitoring—recorded over
114  MFC—are linked to anxiety [37]-[40], including SA [41]-[45]. For high SA individuals, error
115  monitoring is particularly increased within social situations [46]-[48]. However, the directionality
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116  of associations between error monitoring and (social) anxiety remain unresolved. One class of
117  theories suggests enhanced error monitoring is a symptom of anxiety and does not play a causal
118  role, such that error-monitoring reflects compensatory efforts to control behavior due to distracting
119  effects of anxiety [39], [49]. Another class of theories suggests error monitoring predicts “risk” for
120 anxiety, in part based on their prospective relations (e.g., [44], [50]-[52]), but does not specify
121 whether error monitoring plays a causal role [38], [40]. Critically, for error monitoring to play a
122  causal role in social anxiety, it must impact learning/memory to drive lasting changes in SA.
123  Otherwise, any effects of error monitoring on cognition and behavior would be transitory in nature.
124

125 As previously described, cognitive models of SA state that self-focus, self-monitoring, and
126  attention to negative aspects of performance increase error salience and subsequent encoding,
127  biasing self-evaluations (post-event processing) and maintaining SA [3], [4]. As a neural extension
128  of these models, we propose that error-related MFC theta oscillations provide a neural mechanism
129  for error monitoring to increase the likelihood of encoding error events, which could contribute to
130 the maintenance or exacerbation of SA. First, SA is associated with increased error monitoring
131 [41], [46], [48], [53] as well memory biases for negative aspects of performance (e.qg., errors; [10]-
132 [13], [15], [16]. Second, MFC theta oscillations are not only associated with error monitoring [31],
133  [54], but separate research demonstrates fundamental associations with memory: MFC theta
134  oscillations during encoding predict increased likelihood of later recall [55]-[58]. Third, error
135 monitoring is also known to drive increases in attention [33], [34], [59], attention is known to rely
136  on theta band phase synchronization [60]-[63], and the role of attention in memory encoding is
137  well established [64]-[66]. Collectively, we propose that error-related MFC theta oscillations
138  (associated with error monitoring) may increase the likelihood that error events are encoded and
139 later remembered. Further, we anticipate that error-related increases in theta phase synchronization
140  (connectivity) between MFC and task-relevant sensory cortices (e.g., occipital-parietal for visual
141  information) associated with attention to (and thus, encoding of) error-related information may be
142  particularly relevant.

143

144 Prior studies of memory biases in SA typically assess memory following dynamic social
145  interactions (e.g., giving a speech; [11]-[13], [15], [16]). However, the less-structured nature of
146  these approaches limits neural assessments of error monitoring. Similarly, work linking SA to
147  heightened error monitoring typically employs computer tasks (e.g., Flanker) using limited
148  stimulus sets [67], which constrains attempts to probe memory of individuals’ error events, given
149 the lack of trial-unique contexts. Addressing these limitations, we created a novel paradigm
150 involving presentation of trial-unique faces during a flanker task—performed under social
151  observation—followed by incidental memory assessment. In this proof-of-concept study, use of a
152  flanker task allowed for extracting known patterns of error-related MFC theta oscillations:
153  power/phase over MFC and phase relations between MFC and task-relevant sensory (visual)
154  cortices. Employing a subsequent incidental memory assessment and comparing recognition
155 memory for faces previously presented during error (vs. correct) events, allowed for indexing
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156  memory biases for error events. Leveraging these measures, we tested three hypotheses regarding
157  therole of error monitoring and memory biases in SA: 1) SA is associated with memory biases for
158  error events; 2) SA is associated with increased error monitoring, reflected in enhanced error-
159 related MFC theta oscillations; and 3) error-related MFC theta oscillations, at the time of encoding,
160 are associated with subsequent memory biases for error events.

161  Methods
162  Participants

163 Fifty-four healthy adult individuals (M = 23.48 years, SD = 3.45; 48 f, 6 m) provided
164  informed consent prior to participation and received either monetary compensation or course
165 credit. All participants were fluent in English and had no prior head injury causing loss of
166  consciousness.

167 Given that this was a proof-of-concept study, a relatively shortened experimental task was
168 employed; this resulted in the exclusion of 20 participants that committed fewer than 8 errors
169  (insufficient data for error-related analyses). Two more participants were excluded due to
170  experimental inconsistencies/error, resulting in a total of 32 participants (M = 23.5 years, SD =
171 3.31; 291, 3 m) for behavioral analyses. Of these 32 individuals, seven did not have EEG recorded,
172 and one was excluded from EEG analyses due to having an insufficient number of artifact-free
173  trials per condition of interest, in line with prior work: [68], [69]. Thus, 24 participants (M = 23.68
174  years, SD = 3.68; 22 f, 2 m) were included in EEG data analyses. Note the sample imbalance for
175 biological sex results from unbiased enrollment of participants from a predominately female
176  undergraduate psychology student population [70].

177  Assessment of SA symptoms

178 Participants self-reported on their SA symptom levels via the 7-item Social Anxiety scale
179  derived from the Screen for Adult Anxiety Related Disorders (SCAARED) [71]. Questionnaire
180 items are presented on a 3-point Likert scale (O = not true or hardly ever true, 1 = somewhat true
181  orsometimes true, 2 = very true or often true) and a higher score represents more severe symptoms
182  of SA. Cronbach's a for the SCAARED Social Anxiety scale was 0.79 in this study.

183  Procedure

184 To investigate the role of error monitoring on subsequent memory, participants first
185 completed a novel Face-Flanker task while EEG was recorded. To create a context of social
186  evaluation, participants were explicitly told their performance would be monitored and evaluated
187  while they completed the Face-Flanker task. Subsequently, participants performed a surprise
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188 incidental memory assessment, in which all faces (n = 160) from the Face-Flanker task along with
189 80 never-before-seen faces were presented. Participants also performed a facial expression
190 encoding task, which is not discussed further, as it is beyond the scope of the current report.

191  Face-Flanker task

192 Participants completed a modified Flanker task (Figure 1); on each trial, participants were
193  presented with an array of five arrows, with a trial-unique neutral face image from the Chicago
194  face database in the background [72], [73]. Participants used their right/left thumbs to indicate the
195  (right/left) direction of a target arrow via button press. Flanking arrows were oriented in the same
196  (congruent) or opposite (incongruent) direction as the target arrow. Flanking arrows always
197  appeared first and remained on the screen for 150 ms prior to the target arrow appearing; all arrows
198  then remained on the screen for 200 ms prior to disappearing synchronously. A fixation rectangle
199 was maintained on-screen throughout each block, positioned in the center of the screen, and
200  surrounding the arrow array. The background face was maintained onscreen for the duration of the
201  trial, which was randomly jittered between 3500-4000 ms. Stimuli were presented on a 15-inch
202  Lenovo Legion 7i laptop running Windows 10 with PsychoPy version 2021.2.3 [74]. Participant
203  responses were recorded throughout the duration of each trial via the Black Box ToolKit (BBTK)
204  response pad (The Black Box ToolKit Ltd., Sheffield, UK). To ensure attentiveness of participants,
205 trials (M = 0.04, SD = 0.19) with a reaction time (RT) faster than 150 ms were removed from
206  further analyses.

207

208  Figure 1. The Face Flanker Task. A single trial from the Face Flanker task is shown, to include the stimulus onset
209  asynchrony between the target and flanker arrows. A trial-unique background face from the Chicago face database
210 and the fixation rectangle are shown. [This figure was removed per bioRxiv policy to remove images with faces prior
211  toposting. Note, figure 1 is available from the authors upon request; Faces are drawn from the Chicago face database
212 [72], [73]]

213 Participants completed 5 blocks of 32 trials (160 trials total), with an equal mix of
214  congruent/incongruent trials in each block. To facilitate adequate error rates, feedback was
215  displayed following each block [75]. If accuracy was above 75% but below 90%, “Good job” was
216  displayed; “Respond faster” or “Respond more accurately” were presented when the accuracy
217  was above 90% or below 75%, respectively. At task completion, participants self-reported the
218  number of errors made.

219 Incidental memory assessment

220 Following completion of the Face-Flanker task, participants completed an incidental, self-
221 paced memory assessment. Participants indicated whether they recognized each individually
222  presented face as “new” or “old” (recognized as previously appearing during the Face-Flanker
223  task). This task consisted of 240 trials, with 160 old faces drawn from the Face-Flanker task and
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224 80 new (foil) faces randomly intermixed. Faces were presented across a total of two blocks (120
225  faces/block). Each face was presented until a button press response was made using left/right
226  thumbs; response mappings between left/right thumbs and new/old responses were
227  counterbalanced across participants. To ensure attentiveness of participants during the task, trials
228 (M =0.47, SD = 0.80) with a reaction time (RT) faster than 200 ms were removed,; all participants
229  had less than 20% of trials removed. The same computer equipment, software, and peripherals
230 employed in the Face-Flanker task were used.

231  Memory bias for error events

232 To index memory bias for error events, we evaluated the degree to which participants
233  varied in recognition memory performance for face images that originally appeared during error
234 events (error trials from the Face-Flanker task) relative to correct events. We first computed
235  separate hit rate scores (% correctly identified) for faces that originally appeared on error and
236  correct Face-Flanker trials (See equations 1 and 2). We then computed a difference score to index
237  memory bias for error events by subtracting hit rates for correct events from hit rates for error
238  events (equation 3). This hit rate difference score was used in subsequent statistical analyses (see
239  preliminary analyses section). Note that for all analyses, only faces that appeared on incongruent
240  (error/correct) trials were analyzed to obviate a confound of stimulus congruency and isolate error-
241  related effects of interest (errors are more common on incongruent trials) [31], [67]; throughout
242  the manuscript, we refer to incongruent-error and incongruent-correct trials as “error” and
243  “correct” for simplicity.

244

Hltserror events

245 Hit Rate = — - x 100
error events HltSeT‘TOT‘ events + MlsseSeT‘T‘OT events

246 (1)

HltSCOT‘TeCt events

247 Hit Rate = — - x 100
correct events HLtSCOTT'ECt events + Mls’seSCOT‘FECt events

248 (2)
249 Memory Bias for Error Events = Hit Ratégrror events — Hit Rate orrect events
250 (3)

251 EEG acquisition and preprocessing

252 To assess error monitoring during the face-flanker task, 64-channel EEG was collected via
253  aBrain Products actiCHamp amplifier and BrainVision Recorder software (Brain Products GmbH,
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254  Munich, Germany) at 1000 Hz. A 64-channel EasyCap custom EEG cap (EasyCap GmbH,
255  Herrsching, Germany) was used (see Figure 2 for cap layout). Impedance was reduced to a targeted
256  level of < 25 kQ prior to data collection. EEG electrodes were referenced to electrode 1 (~FCz;
257 see figure 2) during recording and re-referenced to the average of all electrodes during
258  preprocessing. EEG data were preprocessed using MATLAB R2021b (MathWorks Inc., Sherborn,
259 MA, USA), the EEGLAB toolbox, and a modified version of the MADE pipeline [76], [77]. As
260  part of preprocessing, data were segmented into 3-second epochs (-1 to 2 seconds, relative to the
261  response). Complete details of the EEG preprocessing stream can be found in the supplement.

262  Error-Related MFC Theta Oscillations

263 MATLAB scripts (based on work by: [23], [78]) were used to compute response-locked
264  time-frequency (TF) power and phase relations—within and between channels—for epochs of
265 interest. Mirroring the behavioral analyses, all EEG analyses focused on incongruent error/correct
266 trials to obviate a confound of stimulus congruency and isolate error-related effects of interest [31],
267  [67]. To increase computational efficiency, EEG data were downsampled to 250 Hz following
268  decomposition of TF activity. All TF measures were normalized relative to a -400 to -200 pre-
269  response baseline.

270 MFC theta power. Morlet wavelets were convolved with each epoch to estimate spectral
271  power (oscillation magnitude) between 1-30 Hz, divided into 59 logarithmically-spaced steps [23].
272  Thenumber of wavelet cycles increased from 3 (at 1 Hz) to 10 (at 30 Hz) to balance time/frequency
273  precision [23], [78]. TF power was separately computed for each epoch of interest, for all channels,
274 before averaging across epochs within a given condition to calculate total power. In line with prior
275  studies [18], [79], for each condition of interest, mean response-locked MFC theta power was
276  analyzed within a region of interest (ROI) spanning 4-7 Hz and the first 250 ms following response
277  within a cluster of electrodes located over MFC (~FCz and surrounding electrodes: 1, 2, 33, and
278  34; see Figure 2).

279 MFC theta intertrial phase clustering. Intertrial Phase Clustering (IPC) reflects the
280  consistency of oscillatory phase angles across trials for a given frequency/timepoint, relative to an
281  event of interest (in this case, error and correct responses) [23]. IPC is scaled between 0 and 1,
282  with 0 denoting random phase alignment and 1 denoting perfect phase alignment. To compute IPC
283  for a given TF point, the phase angle difference across trials was taken before averaging. In line
284 with prior studies [18], [79], for each condition of interest, MFC theta IPC was analyzed using the
285 same TF ROI (4-7 Hz, 0-250 ms) and MFC electrode cluster defined above. To avoid biases
286  associated with calculating phase-based measures using unequal trials counts, a subsampling
287  procedure was implemented [23], [78]: six trials were randomly selected per condition and the
288  subsampling process was repeated 100 times before averaging.
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289 MFC-sensory theta weighted phase-lag index. Weighted Phase-lag Index (wPLI)
290 reflects the consistency of phase angles between channels (connectivity), across trials, for a given
291  TFpoint [23], [78]. Of note, wPLI minimizes effects of volume conduction by de-weighting phase
292  angle differences near-zero, allowing for the analyses in raw channel-space [80]. To compute wPLI
293  for a given TF point, the phase angle differences between channels was taken, and the sign of the
294  imaginary part of the cross-spectral density for each electrode pair over trials was averaged. Based
295  on our hypothesis that enhanced error-related MFC theta oscillations (central to error monitoring)
296  are associated with attention towards error events (increasing the likelihood of encoding), and
297  given the visual nature of our task, we computed wPLI between a seed electrode centered within
298 the MFC cluster defined above (~FCz: electrode 1; see Figure 2) and a bi-lateral cluster of
299 electrodes (~PO7/PO8: electrodes 22, 24, 53, 55; see Figure 2) located over visual sensory regions
300 (occipital-parietal cortex; [81], [82]. For each condition of interest, MFC-sensory theta wPLI was
301 analyzed using the same TF ROI (4-7 Hz, 0-250 ms) and subsampling procedure (6 trials, 100
302  repetitions) described above.

303
304
305 Figure 2. 64-channel EasyCap EEG cap layout. The selected electrodes over the MFC and bilateral sensory (visual)
306 regions are shown in green and yellow circles, respectively. Their polar coordinates (theta, phi) and closest equivalent
307 electrode on the standard 10-5 localization system are as follows: E1 (17, 90) FCz; E2 (-34, -60) FFC1h; E33 (0, 0)
308  Cz; E34 (34, 60) FFC2h; E22 (-68, 54) PPO5h; E24 (-85, 56) PO7; E53 (68, -54) PPO6h; E55 (85, -56) POS.

309

310 Analytic Plan

311

312 All statistical analyses were conducted using R [83]. One-tailed statistical tests were used

313  for directional hypotheses; two-tailed tests were otherwise employed. Where appropriate, control
314  over the family-wise error rate was achieved via a Holm-Sidak correction; in such cases, we report
315  both uncorrected and corrected p-values.

316
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317 Preliminary Analyses. To confirm the presence of standard congruency effects [67]
318  during the Face-Flanker task, two non-parametric paired-sample one-tailed Wilcoxon tests were
319 performed to compare accuracy rates between incongruent and congruent trials, as well as to
320 compare mean RT between correct incongruent and congruent trials. To confirm the presence of
321  error-related changes in MFC theta oscillations (an index of error monitoring) during the Face-
322  Flanker task, an a priori series of paired-sample one-tailed t-tests were employed to compare error
323  and correct trial responses for MFC theta power, MFC theta IPC, and MFC-sensory theta wPLI;
324  correction for multiple comparisons was applied to this family of tests. To assess overall
325  recognition memory performance for faces originally presented during error vs. correct events, a
326  paired-sample two-tailed t-test was used to compare their respective hit rates.

327

328 Following these preliminary analyses, error-related difference scores (error-correct) were
329  computed for MFC theta power, MFC theta IPC, and MFC-sensory theta wPLI to carry out a series
330 of analyses testing our central hypotheses. As previously described, we also computed a difference
331  score to index memory bias for error events by subtracting hit rates for correct events from error
332  events (equation 3).

333

334 Statistical Analyses. To test whether higher SA symptom levels were associated with
335 memory bias for error events, we carried out an a priori one-tailed Pearson correlation test of
336  whether SCAARED-Social scores were significantly correlated with memory bias for error events
337  difference scores.

338

339 Next, to confirm that higher SA symptom levels were associated with error-related MFC
340 theta oscillations at the time of encoding—during the Face-Flanker task—we carried out an a
341  priori series of one-tailed Pearson correlation tests between SCAARED-Social scores and error-
342  related differences scores for: MFC theta power, MFC theta IPC, and MFC-sensory theta wPLI.
343  Correction for multiple comparisons was applied to this family of tests.

344

345 After determining which error-related MFC theta oscillations measure(s) were
346  significantly correlated with SA symptom levels, we further tested whether these same error-
347  related MFC theta oscillations measure(s) predicted memory bias for error events difference scores
348  viaaseries of regression analyses (one-tailed tests); correction for multiple comparisons was again
349  applied to this family of tests. We also carried out a control analysis to rule out the possibility that
350 memory biases for error events were instead driven by stimulus-evoked responses to face onsets
351  (see supplement).

352 Results

353  Preliminary behavioral results
354

10
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355 Consistent with prior Flanker task studies [67] participants responded less accurately on
356 incongruent (Md = 81.87%, n = 32) compared to congruent trials (Md = 97.50 %, n = 32) trials, z
357 = -5.063, p < 0.001, Cohen’s d = 2.719. Similarly, participants responded more slowly on

358 incongruent-correct (Md = 557.07 ms, n = 32) compared to congruent-correct (Md = 487.48 ms,
359 n=32)trials, z=-6.338, p < 0.001, Cohen’s d= 1.331.

360

361 The average hit rate of participants in the surprise incidental memory assessment was
362 46.37% (SD = 13.40%), consistent with studies evaluating memory performance for task-
363 irrelevant stimuli using a comparable number of images [84]. On average, participants did not
364  differ in terms of recognizing faces originally presented during error vs. correct events, t(31) =
365 0.592, p =0.558, Cohen's d = 0.088.

366

367  SA symptoms positively relate to memory biases for error events

368

369 Consistent with our hypotheses, SA symptom levels (assessed via SCAARED-social) were

370  positively associated with memory biases for error events (better recognition of faces that

371  previously appeared during error vs. correct events), r(30) = 0.451, p = 0.005.
372
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375 Figure 3. The relationship between SCAARED-social scores and memory bias for error events. SCAARED-social
376  scores were significantly associated with memory biases for error events (better recognition memory performance for
377  faces that originally appeared during error vs. correct events).

378

379  Error-Related MFC Theta Oscillations During the Face Flanker Task

380

381 To assess error-related MFC theta oscillations (associated with error monitoring) during
382  the Face-Flanker task, we first performed a series of a preliminary analyses comparing response-
383  locked theta oscillations for error vs. correct trials. In line with prior error monitoring work, error
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384  responses (relative to correct) were associated with a robust increase in MFC theta power, t(23) =
385  8.775,p <0.001 (pag < 0.001), Cohen's d = 1.79. Similarly, MFC theta IPC significantly increased
386  for error (vs. correct) responses, t(23) = 1.87, p = 0.037 (pagj = 0.037), Cohen's d = 0.38. Error (vs.
387  correct) responses were also associated with a significant increase in MFC-sensory theta wPLI,
388  t(23) = 3.15, p = 0.002 (pagj = 0.004), Cohen's d = 0.64. This latter result is consistent with the
389  notion that error monitoring involves rapid engagement of visual sensory regions, which could in
390 turnimpact the encoding contextual information during an error event. See Figure 4 for a depiction
391  of these results.
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393 Figure 4: Error-related MFC theta oscillations. In all plots, 0 ms corresponds to the time of response; black-box
394 overlays depict the a priori time-frequency (TF) region of interest used for analysis (4-7 Hz, 0-250 ms). All plots and
395  analyses employ incongruent error/correct trials only to avoid stimulus-related confounds (see text). (A, B, C) MFC
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396  theta power TF plots for correct, error, and the error — correct difference, respectively; (D, E, F) MFC theta IPC TF
397 plots for correct, error, and the error — correct difference, respectively; (G, H, I) MFC-Sensory theta wPLI TF plots
398  for correct, error, and the error — correct difference, respectively.

399

400

401  SA Symptoms Positively Relate to Error-Related MFC Theta Oscillations

402

403 To test whether error-related MFC theta oscillations (associated with error monitoring)
404  were more pronounced for individuals higher in SA symptom levels, we tested whether
405 SCAARED-social scores correlated with error-correct difference scores for each of the error-
406 related MFC theta measures described above (MFC theta power, MFC theta IPC, MFC-sensory
407  theta wPLI). Whereas SCAARED-social scores did not significantly relate to error-related MFC
408  theta power, r(22) = 0.254, p = 0.115 (p.g = 0.115), SCAARED-social scores were significantly
409  associated with error-related MFC theta IPC, r(22) = 0.403, p = 0.025 (p.gj = 0.0496). Similarly,
410 SCAARED-social scores were significantly related to MFC-sensory theta wPLI: higher SA
411  symptom levels were positively associated with error-related MFC-sensory theta wPLlI, r(22) =
412  0.469, p = 0.010 (pagj = 0.030). These results are consistent with the notion that error-related MFC
413  theta oscillations (associated with error monitoring) are enhanced in individuals high in SA. See
414  Figure 5 for a depiction of these results.
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418 Figure 5: Associations between SA symptoms and MFC theta oscillations. Higher SA symptom levels are positively
419 associated with: (A) error-related MFC theta IPC and (B) error-related MFC-sensory theta wPLI.

420
421

422  Error-related MFC theta oscillations predict subsequent memory biases for error events
423

424 Given that higher SA symptom levels positively related to both error-related MFC theta
425 IPC and MFC-Sensory theta wPLI, we tested whether either of these error-related MFC theta
426  measures also predicted subsequent memory biases for error events. Error-related MFC-Sensory
427  theta wPLI related positively to memory bias for error events difference scores (better recognition
428  of faces that previously appeared during error vs. correct events), B = .428, t(1,22) = 2.218, p =
429  0.019 (pag = 0.037). Error-related MFC IPC did not exhibit similar relations with memory bias for
430 error events difference scores, B = 0.067, t(1, 22) = 0.316, p = 0.377 (pagj = 0.377). These data are
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431  consistent with the hypothesis that error monitoring drives memory biases for error events:
432  heightened error-related engagement between MFC and visual sensory regions may drive
433  enhanced encoding of error-related contextual information present at the time an error is
434  committed. Further supporting this interpretation, a supplemental analysis ruled out the possibility
435  that memory biases for error events could have been driven by stimulus-evoked neural responses
436  to face onsets (see supplement).
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440 Figure 6: The relationship between Error-related MFC-sensory theta wPLI and memory bias for error events. Error-related MFC-
441 sensory theta wPLI is significantly associated with memory bias for error events (better recognition of faces that previously
442  appeared during error vs. correct events).

443  Discussion

444 Bridging cognitive models of SA with recent neuroscience findings, the current study
445  investigated the putative role of error-related MFC theta oscillations (associated with error
446  monitoring) and memory biases in SA. Participants completed the novel Face-Flanker task,
447  allowing measurement of error monitoring, followed by an incidental memory assessment,
448  providing an index of memory biases for error events (degree to which error vs. correct events
449  from the Face-Flanker were preferentially remembered). SA symptoms were positively associated
450  with memory biases for error events. Within the same paradigm, SA symptoms were also
451  positively associated with error-related MFC theta oscillations at the time of encoding.
452  Specifically, SA was associated with enhanced error-related MFC theta IPC (synchrony over
453  MFC), as well as enhanced error-related MFC-sensory theta wPLI (synchrony between electrode
454  sites located over MFC and visual-sensory cortex). Additionally, error-related MFC-sensory theta
455  wPLI—at the time of encoding—further predicted subsequent memory biases for error events.
456  Collectively, these findings provide proof-of-concept support for a neural mechanism implicated
457  in SA: memory biases following social situations may arise, in part, from enhanced error-related
458  MFC theta oscillations that increase the likelihood that error events are encoded and subsequently
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459  remembered. Future work should seek to replicate and extend these findings, leveraging the Face
460  Flanker task in combination with longitudinal assessment of state/trait SA symptoms to directly
461  test whether the proposed neural mechanism is causally implicated in the maintenance or
462  worsening of SA.

463

464  SA associated with memory biases for error events

465

466 Consistent with prior work using less-structured paradigms (e.g., memory assessments

467  following a speech or other social interaction; [11]-[13], [15], [16], our behavioral data suggest
468  error events are better remembered for individuals high in SA. While we interpret such memory
469  Dbiases as arising from enhanced error monitoring in high SA individuals, this cannot be confirmed
470  based on behavioral data alone. This is because alternatively, high SA individuals could simply be
471  more distracted by faces to begin with (preferentially attending to and encoding faces), which then
472  causes errors to occur, as opposed to error monitoring driving the encoding of error events.
473  However, our neural data present a pattern of results consistent with our hypothesis that memory
474  biases for error events are driven by heightened error monitoring. SA symptoms were positively
475  associated with heightened memory biases for error events as well as heightened error-related
476  MFC theta oscillation patterns indicative of enhanced error monitoring. In particular, high SA
477 individuals exhibited enhanced error-related MFC-sensory theta wPLI, which further predicted
478  subsequent memory biases for error events. Moreover, we identified no evidence in favor of the
479  alternative interpretation, as stimulus-evoked neural responses to face onsets were not associated
480  with SA nor subsequent memory biases. Collectively, these data not only demonstrate that SA is
481  associated with memory biases for error events, but also provide evidence that such memory biases
482  may arise as the result of error monitoring (error-related MFC theta oscillations).

483

484  SA associated with enhanced error monitoring

485

486 The observed relations between SA and enhanced error-related MFC theta oscillations are
487  consistent with prior work linking SA to error monitoring [41]-[48]. It is worth noting that the
488  majority of prior work investigating relations between (social) anxiety and error monitoring has
489  focused on time-domain (ERP) analyses of the ERN. However, given prior work linking MFC
490 theta to both error monitoring and memory [26], [31], [55]-[58], we chose to employ a TF-analytic
491  approach and focus on error-related MFC theta oscillations in the current report. We found that
492  SA was associated with synchrony-based theta measures (IPC and wPLI), but not theta power.
493  This link between SA and synchrony-based measures of error-related MFC theta is noteworthy,
494  given that theta synchrony, as opposed to theta power, has also been shown to be more closely
495  related to the ERN [29], [85], [86]. Thus, our findings are consistent with prior work demonstrating
496  that SA is associated with an enhanced error monitoring, as measured by the ERN [41], [42].

497

498  Neural mechanism underlying the link between error monitoring and memory biases
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499

500 Current theoretical models of the link between error monitoring and anxiety propose that
501 error monitoring either reflects a downstream symptom of anxiety [39], [49], or that error
502  monitoring predicts “risk” for anxiety without specifying whether error monitoring plays a causal
503 role [38], [40]. However, if error monitoring is to instead play a causal role in the etiology of SA,
504  this requires a mechanism by which error monitoring could impact learning/memory to produce
505 lasting changes in cognition and behavior. Our finding that error monitoring predicts memory
506  biases for errors introduces the possibility that error monitoring may play a causal role in SA. As
507  previously described, cognitive models of SA state that self-focus, self-monitoring, and attention
508 to negative aspects of performance increase error salience and subsequent encoding, ultimately
509 biasing self-evaluations (post-event processing) and maintaining SA [3], [4]. As a neural extension
510 of these models, it is possible that increased error monitoring directly contributes to SA by
511 impacting memory, biasing self-evaluations (post-event processing) and maintaining SA. The
512  current study provides support for the link between error monitoring and memory, identifying
513 error-related MFC theta oscillations as a neural mechanism by which error monitoring may
514  increase the likelihood of encoding error events. Moreover, we demonstrate that SA symptoms are
515  positively associated with enhanced error monitoring as well as memory biases for error events.
516  The next logical step is to replicate and extend these findings, to test if memory biases for error
517  events, driven by error monitoring, mediate longitudinal changes in state/trait SA. Similarly,
518  associations with post-event processing [12], [15], [87] should be studied. For example, one
519  possibility is that error monitoring drives memory biases for error events, which then skew post-
520 event processing towards recollection of more negative aspects of behavior. Alternatively, post-
521  event processing might interact with error monitoring to predict the degree to which memory
522  biases for error events are maintained over time. Either of these possibilities could lead to the
523  maintenance or worsening of SA.

524

525  Broader implications of the identified link between error monitoring and memory

526

527 It is worth noting that observed relations between error-related MFC-sensory theta wPLI
528 and memory biases for error events were present for all participants, regardless of SA symptoms.
529  That is, although participants in our study did not exhibit memory biases for error events at the
530 behavioral level, on average, we did find that individual variation in error-related MFC-sensory
531 theta wPLI was predictive of individual variation in memory biases for error events. In other
532  words, individuals that exhibited the strongest neural responses, at the time of encoding, were most
533 likely to exhibit later memory biases for error events. Other recent behavioral work has found that,
534  within the general population, either error events [84] or post-error events [88] are better
535 remembered. Thus, although we did not find evidence for such behavioral effects, on average, it
536 is possible that such effects could be detected within a larger sample. Regardless, our data provides
537 the firstevidence that individual variation in error-related MFC theta oscillations predict the degree
538 to which error events are remembered. These data point to a potential neural mechanism
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539 underlying memory biases for error events that should be investigated in larger studies, not only
540 in relation to social anxiety, but also within the general population.

541 It is also worth noting that another recent study did not identify a significant relation
542  between error-related MFC theta oscillations and memory (in the general population; [89].
543  However, our data suggests two possible reasons for this difference across studies. First, the study
544 by Zheng and wynn [89] only investigated relations between error-related MFC theta power (not
545  synchrony) and memory. Our study found that a synchrony-based measure (wPLI) was associated
546  with memory biases for error events, thus, theta synchrony may be more closely tied to the
547  likelihood that error events are committed to memory. Second, whereas the study by Zheng and
548  wynn [89] assessed memory by asking participants to recall the number of errors they made, in the
549  aggregate, we indexed memory for error events by assessing recognition of images present on error
550 trials. Thus, it is possible that these approaches rely on different forms of memory [90], [91] and/or
551  differ in the resolution of memory assessment they provide (i.e., assessment of individual error
552  events vs. aggregate estimates). Given that this is the first study to identify a link between error-
553 related MFC theta oscillations and memory biases for error events, further work is needed to
554  replicate and extend these findings, providing a more detailed characterization of the link between
555  error-related MFC theta oscillations and memory.

556

557  Limitations and future directions

558

559 The current report introduces a novel paradigm and presents proof-of-concept results

560  consistent with a neural mechanism implicated in SA. Replication of these results within a larger
561  sample is needed to allow for testing whether error-related MFC-sensory theta wPLI (associated
562  with error monitoring) mediates the link between SA and memory biases for error events. Further,
563  while the current results are suggestive of a neural mechanism by which errors are better encoded
564  and subsequently remembered, it is important to further test if this proposed mechanism is
565  predictive of the maintenance or worsening of SA via longitudinal methods. At shorter time scales,
566 this could be tested by assessing whether changes in state SA are mediated, in serial, by enhanced
567  error monitoring driving memory biases for error events. Similarly, the maintenance or worsening
568  of trait SA could be assessed over the course of longer timescales (weeks/months). If subsequent
569  work is able to provide more direct evidence in support of a neural mechanism implicated in SA,
570 then this could inform the development of novel, brain-based treatment approaches, as it has
571  already been demonstrated that MFC theta oscillations can be non-invasively manipulated [92],

572 [93].

573

574  Conclusions

575

576 In an effort to move beyond neural markers of “risk” and towards the identification of

577  neural mechanisms implicated in SA, the current study provides evidence that error-related MFC
578 theta oscillations (associated with error monitoring) impact what is encoded about social situations
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579  and subsequently remembered. Moreover, we demonstrate that SA is associated with enhanced
580 error-related MFC theta oscillations and memory biases for error events. These findings introduce
581 the possibility that error-related MFC theta oscillations could play a causal role in the etiology of
582  SA. Nonetheless, the current results should be considered only as preliminary, proof-of-concept
583  evidence for such a possibility, given the small sample and correlational nature of the current study.
584  Future work should seek to replicate and extend these findings, employing longitudinal methods
585  within larger and more diverse samples.

586

587

588 Data Availability

589
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