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Abstract (max 250 words)

Distinguishing among similar events is indeed crucial to memory. In a dangerous context, this
ability may be less essential, whereas in a secure context it may provide an adaptative
advantage notably in social situations. VVagal activity as a marker of the individual’s adaptation
in social engagement contexts might predict the ability to discriminate highly similar memories
in an unthreatening context. The present study aims to test the relation between vagal activity
and memory discrimination by manipulating the visual distinctiveness of stimuli (high vs. low)
in an ecological memory discrimination task with humanoid characters. It was expected that
vagal activity support adaptive self-regulatory processes which may be needed only when the
memory discrimination is challenging (low distinctiveness between true memory and lure). In
a study phase, multiple realistic fictional humanoid characters performed the same action on
different objects. The characters could be very similar or very distinct one to each other. Then,
during a test phase, the participants had to discriminate whether a displayed character on the
screen was exactly matched the one performing the given action on a specific object in the
study phase (target). Vagal activity was assessed in undergraduate students (n = 40) before the
study phase. Higher vagal activity predicted better memory discrimination performance
specifically when the distinctiveness between the lure and target was low. These data extend
previous work on vagal activity and memory suggesting that heart-brain interactions represent
an adaptive psychophysiological mechanism underlying memory discrimination specifically

when it is challenging in an unthreatening context.

Keywords: autonomic nervous system, heart rate variability, memory discrimination, memory

retrieval, pattern separation
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Introduction

Vagal activity is a marker of the individual’s adaptation in social engagement contexts (Porges,
2007). Vagal activity is measured by recording the fluctuation in time intervals between
succeeding heart beats over time, namely heart rate variability (Shaffer, McCraty, & Zerr,
2014). According to the polyvagal theory (Porges, 2007), self-regulatory processes enabling
social engagement are underpinned by outflow and functional organization of vagus nerve
while sympathetic activity primes cognitive processes associated with “fight or flight”
responses. Vagally-mediated heart rate variability (vmHRYV) is logically associated with
performance on goal directed tasks requiring adaptive regulation and inhibitory control (see
Forte, Favieri, & Casagrande, 2019 for a review), whereas tasks inducing mental stress (e.g.
certain working memory tasks) are associated with decreased vmHRYV (Park, Vasey, Bavel, &

Thayer, 2014; Thayer & Sternberg, 2006).

Memory also plays a crucial role both for survival (Scofield, Buchanan, & Kostic, 2018) and
social interactions (Tzakis & Holahan, 2019). Therefore, only in the latter case should memory
rely on vmHRY since a stress-free social context should promote vagal activity. To date, only
one study has reported that vmHRYV predicts memory performance (Feeling et al., 2021). The
relationship was found in the sole case of memory discrimination between true (target) and
semantically related lures, but not with memory performance per se. Distinguishing among
similar events is indeed crucial to memory (Stevenson, Reagh, Chun, Murray, & Yassa, 2020).
Otherwise, new information would overwrite similar memories previously learned
(catastrophic interference, Yassa & Stark, 2011). This ability is probably not essential in
stressful situations since distinguishing a tiger from a leopard does not matter as far the flight
response is activated. On the contrary, this ability might be crucial in stress-free situations, as

for instance in a social context in which recognizing the face of a friend within a crowd would
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bring direct social benefits. Accordingly, rapid visual detection of threats rely on automatic
processing of their coarse visual features (Lojowska, Mulckhuyse, Hermans, & Roelofs, 2019)
while vagal is associated with facial recognition (Park & Thayer, 2014). Regarding memory
discrimination, distinguishing highly similar memory traces should also only be relevant in an
unthreatening context. Therefore, vagal activity should bring an adaptative advantage to
memory discrimination in other types of stress-free situations and unthreatening contexts, as
for instance when distinguishing memory traces of people performing certain actions. This
advantage should logically (according to this evolutionist perspective) only be observed in a
situation where discrimination is challenging — that is, when a strong overlap exists between
the memory traces. The present study aims to test this specific hypothesis in an ecological

visual memory task.

Method

Participants

Forty-seven undergraduate psychology students were enrolled in a larger study focusing on the
impact of a breathing exercise on decision-making. They all completed an exhaustive screening
(interview and questionnaires) to ensure that they had no condition which may interfere with
cardiac and cognitive functioning (see Supplementary materials and Magnon, Dutheil, &
Vallet, 2021). Sociodemographic data (age, sex, etc.) and medical histories that may affect
cognition and cardiovascular functioning, such as neurological (head trauma, epilepsy...),
physiological (hypo- or hyperthyroidism, type 2 diabetes...) or neurodevelopmental factors
(autism, dyslexia...). Lifestyle factors, such as binge drinking alcohol (more than five
consecutive alcoholic drinks in the last week) and high body mass index (BMI > 30), likely to
influence HRV also served as exclusion criteria. Depression and anxiety were assessed by the

Hospital and Anxiety Depression Scale (HADS, see Zigmond & Snaith, 1983). Two
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participants were excluded due to a high depression/anxiety score and 1 due to active
medication. Four more participants were excluded due to flattened heart rate recordings
(wristband too loose for comfort reasons). The final sample thus consisted of 40 participants
(Mage= 19.76, SDage= 1.50, 5 men). The research was approved by the Tle-de-France Ethics

Committee (2021-A01735-36).

Material

HRYV assessment

The EMPATICA E4 Wristband (Empatica E4, Italy) was used to assessed HRV. This medical-
grade wearable device was validated in comparison to electrocardiography (Schuurmans et al.,
2020). Heart rate was recorded during the whole session and the inter-beat intervals were
extracted (as recommended, Li, Ridiger, & Ziemssen, 2019) during the test phase of the
memory discrimination task (more specifically the last 5 minutes of the test phase) whether the
task was administrated before or after the breathing exercise (see procedure). A visual check
ensured the quality of the recordings as the control of artefacts or occasional ectopic beats. A
very low threshold filter was applied when judged necessary. Kubios (v.3.3.1) was used to
compute the High Frequency (HF, range from 0.15 to 0.4 Hz) power. This is most reliable
vmHRYV index (as others might be affected by sympathetic activity, see Berntson, Lozano, &
Chen, 2005), which is the percentage of HF among the total power minus the very low
frequency (normal units) (Laborde, Mosley, & Thayer, 2017; Tarvainen, Niskanen, Lipponen,

Ranta-Aho, & Karjalainen, 2014).

Memory discrimination task
Fourteen blocks (2 practice blocks, 12 experimental blocks) of 4 characters each were created

(for a total of 48 trials) using The Sims 4™ video game. The distinctiveness of the characters
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was configured according to 11 dimensions: gender (man vs. woman), build (heavy vs. light),
skin color (blue, red...), age (child vs. adult), hair color (blond, brown...), head covering
(beanie, beret...), glasses (with vs. without), sleeve length (short vs. long), pant length (short
vs. long), shoes (sneakers vs. flip-flops), and faces. In the "LOW DISTINCTIVENESS" blocks,
the characters in each block were visually lowly distinct from each other (several dimensions
were identical, see Figure 1). More precisely, within each block in the LOW
DISTINCTIVENESS condition, 5 dimensions (gender, build, skin color, age, hair color) were
identical for the 4 characters of a given block (the 6 remaining were pseudorandomized across
the 4 characters within the block). In the "HIGH DISTINCTIVENESS" condition, the
characters in each block were visually highly distinct from each other (11 dimensions were
pseudorandomized across the 4 characters within the block). Twelve types of action were
selected (e.g., sitting on, playing, etc.) to be performed on the 4 chosen objects per block (e.g.,
a chair, a stool...). Within each block, the four characters performed the same action, but on a
different object. A given action (e.g., sitting on) was provided in the LOW
DISTINCTIVENESS condition for half of the participants, and in the HIGH
DISTINCTIVENESS condition for the other half of the participants. The selected actions are
realistic and socially relevant (a humanoid character sitting on a chair). Each action was
presented in a video format lasting approximately 8 seconds (see Figure 2 for details on the
task’s administration). After a 400ms fixation cross, a voice stated the current action and an
object on which the action was performed while a video showing a character preforming the
action was played. The participants have to memorize the appearance of a character, the type
of action and the object on which the action was performed on. The videos in the LOW and
HIGH DISTINCTIVENESS blocks were counterbalanced across participants (using two lists,
see Supplementary materials for more details on this task). After the study phase, a filler task

(mental arithmetic) occurred before the test phase, one of the audio tracks from the study phase
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was replayed with a neutral grey background screen for 3,000ms. A photograph of one of a
character of the corresponding action’s block was then displayed with a black background for
1,000ms or until the participant’s responded. Finally, an Inter-Trial Interval (ITI) of 2,000ms
was used before the next trial started. The participants had to decide whether the character
shown corresponded exactly to the character who performed the action on the specific object
(learned in the study phase) by using the keyboard to answer “MATCH” or “MISMATCH” as
accurately and quickly as possible. In the “MISMATCH” condition, the displayed character
was from the same action’s block and had performed the same action, but not on the targeted
object stated by the voice. In the “MATCH” condition, the character was the same as the
character who had performed the action on the object mentioned in the audio description. The
characters were presented only once either in the “MISMATCH” or in the “MATCH”
conditions. Accuracy and response times for each trial were collected. This task is considered
as robust giving similar results in several studies of our lab (Purkart, Mille, Versace, & Vallet,
2021). As discrimination performance was the variable of interest, the main outcome of this

task was accuracy.

Procedure

Each participant was tested individually in a session that last 1 hour. Firstly, the Empatica
wristband was installed on the left wrist of the participant and turned on. During a 10-minute
rest period, health and sociodemographic data were collected. Then, participants completed
either a decision-making task or the memory discrimination task {Supplementary—materials)
lasting approximately 10 minutes. Afterward, the participants underwent a 5-minute breathing
exercise followed by the completion of the other computerized task counterbalanced with the
first one described above (either the memory discrimination task or the decision-making task).

After the HADS and other questionnaires (Supplementary materials), the session ended by a
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debriefing. This design was chosen to maximize the variability of HF to serve as assessed
during the memory discrimination test. In this way, the participants who completed the memory
task after the deep and slow breathing should have higher HF than some participants who
performed it before. These choices allow to greatly diminish the sample size requirements (see

Magnon, Dutheil, et al., 2021 for a similar procedure in a previous study).

Statistical analyses

All the statistical analyses were performed with the R statistical software package (v4.0.2,
RStudio Team, 2020). The significance threshold was set at p < .05. An analysis of variance
with Time (memory discrimination task completed before vs. after the breathing exercise)
confirmed that participants who completed the memory task after the breathing exercise had
higher HF power level. To test whether vmHRYV is positively associated with memory
discrimination specifically in the LOW DISTINCTIVENESS condition, an interaction was
tested between HF power as a continuous predictor and DISTINCTIVENESS (LOW vs.
HIGH) as a categorical predictor and the memory discrimination index A’ (or area under the
curve) as dependent variable. Then, to explore further the specificity of the effect, a linear
regression with HF power as the predictor and the A’ index as dependent variable in both LOW
and HIGH DISTINCTIVENESS was performed. Assumptions for linear regression were
checked with the R package “car” (Fox et al., 2021) and an outlier detection was performed as
well revealing no outliers or influential data (the only value detected was not influential, p
= .08). To ensure the validity of our findings, we conducted robust (to outliers) interaction
analyses and linear regressions using the R package “MASS” (Ripley et al., 2022). Because
traditional linear regressions are highly sensitive to outliers and influential data, robust

regressions are specifically designed to overcome these limitations while maintaining the



195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

sample size (Yu & Yao, 2017). The A’ index! is based on the signal detection theory

(Macmillan & Creelman, 2005):

__1-(falsealarms/hits)+(omissions/correctrejections)
4

A’

The lower is the A’, the poorer is the discrimination performance. A’ is robust and widely used
discrimination index (Pastore, Crawley, Skelly, & Berens, 2003) especially for memory
discrimination (see Reagh et al., 2014), recognized for its validity (Stanislaw & Todorov,

1999).

Results

As expected, the interaction term between HF power and DISTINCTIVNESS (LOW vs. HIGH,
see Table 1 for descriptive statistics) accounted for a significant proportion of the variance in
the memory discrimination score A’ (F(1, 38) = 4.17, p = .04, R?2 = .21). Furthermore, a linear
regression analysis revealed that HF level explained a significant amount of the variance in A’
index in the LOW DISTINCTIVENESS condition (F(1, 38) = 5.81, p =.02, Rz = .11). HF
level positively predicted discrimination performance A’ (f = .005, p = .02, see Figure 3). In
contrast, a linear regression analysis showed that HF level did not explain a significant amount
of the variance in A’ index in the HIGH DISTINCTIVENESS condition (F(1, 38) = -.0005,

p > .10, Rz = .02, see Figure 4).

1 With hits = answering “match” when the character shown was the one performing the given
action asked; correct rejections = answering “mismatched” when the character shown is
different; false alarms = answering “match” when the character shown in the test phase does
not exactly match the character performing the action in the study phase; omissions =
answering “mismatch” when the character shown during the test phase is exactly the same.
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Table 1
Mean (SD) of the discrimination performance index A’ in the HIGH and LOW

DISTINCTIVENESS conditions.

Distinctiveness level HIGH LOwW
A’ 0.74 (0.15) 0.57 (0.23)
Discussion

The present study aimed to explore whether vmHRV provides a benefit to memory
discrimination only when the stimuli are highly overlapping as predicted by the polyvagal
theory (Porges, 2007). The vagus nerve has indeed been considered as a maker of one’s ability
to self-regulate and to adjust to new situations and environments in social context (Porges,
2007; Thayer, Hansen, Saus-Rose, & Johnsen, 2009). As highly overlapping lures are more
challenging to discriminate, this process might require self-regulatory adaptative processes
associated with vmHRY which would not be needed for lowly overlapping lures. Such
discrimination appears crucial in social contexts compared to stressful/survival situations in

which fast gist impressions should direct the individual’s reactions (Scofield et al., 2018).

As expected, higher vmHRYV predicted better memory discrimination performance but only
when the distinctiveness between lures and targets was low. Those results indicate that vmHRV
is not always required to discriminate lures from hits as previously suggested (Feeling et al.,
2021). This result could be applied to cognitive aging in which memory performance is
particularly related to discrimination (Mille, Brambati, Izaute, & Vallet, 2021). Maintaining an
elevated vmHRYV on the long-term might promote the discrimination of highly overlapping
memory traces across the lifespan (Magnon et al., In revision). Accordingly, intervention that
stimulates vagal activity could prove beneficial to prevent memory aging. Supporting this

hypothesis, it was previously reported that transcutaneous vagus nerve stimulation enhances
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associative memory performance in older individuals (Jacobs, Riphagen, Razat, Wiese, &
Sack, 2015), which highlights the relevance of studying heart-brain interactions to promote
healthy aging. Should high vagal activity be found to prevent memory impairment with age, a
simple 5-minute breathing exercise that seems sufficient to increase vagal activity in the elderly
(Magnon, Dutheil, et al., 2021) could be a promising, cheap and simple clinical lead to promote
successful cognitive aging.

While many factors were controlled to ensure internal validity, several lifestyle factors that
might influence HRV or cognition were not assessed, such as the practice of physical activity
and sedentariness (Magnon, Vallet, & Auxiette, 2018; Magnon, Vallet, Dutheil, & Auxiette,
2021). Furthermore, the sample for this exploratory study is relatively small. However, the
design chosen proves to be efficient in increasing variability in vmHRYV by using a validated
breathing exercise reducing sample size requirements (Magnon, Dutheil, et al., 2021). Finally,
despite the validated reliability and accuracy of the medical-grade wristband (Schuurmans et

al., 2020), the wristband remains relatively less accurate than an electrocardiogram.

To conclude, the present study replicates and extends the results of the sole study on the
association between HRV and memory discrimination. The distinctiveness manipulation
between lures and targets indicates that vagal activity is only associated with highly
overlapping memory traces corresponding to challenging social situations. Future studies are
required to further investigate this relationship with its neural dynamic during memory
discrimination. If heart-brain interactions are proven to be involved in memory discrimination,
then vagal stimulation, through breathing exercises for instance, might constitute a simple and

cheap cognitive intervention.



264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

Acknowledgments

Jordan Mille, Valentin Magnon and Guillaume T. Vallet are supported by a grant from the
Auvergne-Rhone-Alpes region for the project Vieillissement, Maladie Chronique et
Stimulation Cognitive (ViMaCC). The ViMaCC project is co-financed by the European Union
within the framework of the Fonds Européen de Développement Régional (FEDER). Marie
Izaute is supported by the FACTOLAB framework, sponsored by Michelin Tyres
Manufacturer and by the French government research programs "Investissements d'Avenir"
through the IDEX-ISITE initiative 16-IDEX-0001 (CAP 20-25) and the IMobS3 Laboratory

of Excellence (ANR-10-LABX-16-01).

Author contributions

VM and JM conceived the study. VM designed the protocol and wrote the first version of the
manuscript. GTV supervised the conception of the study. JM and RP created the visual
discrimination memory task. VM, JM, RP and GTV analyzed the data and interpreted the
results. FD and PC gave their insight and expertise for the HRV measure and analyses. All
authors participated in the critical revision of the article. All authors read and approved the

final version.

Data Availability Statement
The data used in the present article are available at

https://mfr.osf.io/render?url=https://osf.io/pxrcn/?direct%26mode=render%26action=downlo

ad%26mode=render



https://mfr.osf.io/render?url=https://osf.io/pxrcn/?direct%26mode=render%26action=download%26mode=render
https://mfr.osf.io/render?url=https://osf.io/pxrcn/?direct%26mode=render%26action=download%26mode=render

288

289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340

References

Berntson, G. G., Lozano, D. L., & Chen, Y.-J. (2005). Filter properties of root mean square successive
difference (RMSSD) for heart rate. Psychophysiology, 42(2), 246-252. doi: 10.1111/j.1469-
8986.2005.00277.x

Feeling, N., Williams, D. P., Speller, L. F., Loftus, E. F., Koenig, J., & Thayer, J. F. (2021). Resting
state heart rate variability and false memories. International Journal of Psychophysiology, 159, 17—
22. doi: 10.1016/j.ijpsycho.2020.08.009

Forte, G., Favieri, F., & Casagrande, M. (2019). Heart rate variability and cognitive function: A
systematic review. Frontiers in Neuroscience, 13, 1-11. doi: 10.3389/fnins.2019.00710

Fox, J., Weisberg, S., Price, B., Adler, D., Bates, D., Baud-Bovy, G., ... R-Core. (2021). car:
Companion to Applied Regression (Version 3.0-12). Retrieved from https://CRAN.R-
project.org/package=car

lacobucci, D., Posavac, S. S., Kardes, F. R., Schneider, M. J., & Popovich, D. L. (2015). The median
split: Robust, refined, and revived. Journal of Consumer Psychology, 25(4), 690—704. doi:
10.1016/j.jcps.2015.06.014

Jacobs, H. I. L., Riphagen, J. M., Razat, C. M., Wiese, S., & Sack, A. T. (2015). Transcutaneous
vagus nerve stimulation boosts associative memory in older individuals. Neurobiology of Aging,
36(5), 1860-1867. doi: 10.1016/j.neurobiolaging.2015.02.023

Laborde, S., Mosley, E., & Thayer, J. F. (2017). Heart rate variability and cardiac vagal tone in
psychophysiological research — Recommendations for experiment planning, data analysis, and data
reporting. Frontiers in Psychology, 8, 1-18. doi: 10.3389/fpsyg.2017.00213

Li, K., Rudiger, H., & Ziemssen, T. (2019). Spectral analysis of heart rate variability: Time window
matters. Frontiers in Neurology, 10. doi: 10.3389/fheur.2019.00545

Lojowska, M., Mulckhuyse, M., Hermans, E. J., & Roelofs, K. (2019). Unconscious processing of
coarse visual information during anticipatory threat. Consciousness and Cognition, 70, 50-56. doi:
10.1016/j.concog.2019.01.018

Macmillan, N. A., & Creelman, C. D. (2005). Detection theory: A user’s guide, 2nd ed (pp. Xix, 492).
Mahwah, NJ, US: Lawrence Erlbaum Associates Publishers.

Magnon, V., Dutheil, F., & Vallet, G. T. (2021). Benefits from one session of deep and slow breathing
on vagal tone and anxiety in young and older adults. Scientific Reports, 11(1), 19267. doi:
10.1038/s41598-021-98736-9

Magnon, V., Mille, J., Izaute, M., Chausse, P., Dutheil, F., & Vallet, G. (In revision). “Recognition
takes a young heart”, vagal tone is associated with visual lure discrimination among young adults but
not among older ones: An exploratory study. Frontiers in Aging Neuroscience.

Magnon, V., Vallet, G. T., & Auxiette, C. (2018). Sedentary behavior at work and cognitive
functioning: A systematic review. Frontiers in Public Health, 6, 1-14. doi:
10.3389/fpubh.2018.00239

Magnon, V., Vallet, G. T., Dutheil, F., & Auxiette, C. (2021). Sedentary lifestyle matters as past
sedentariness, not current sedentariness, predicts cognitive inhibition performance among college
students: An exploratory study. International Journal of Environmental Research and Public Health,
18(14), 7649. doi: 10.3390/ijerph18147649

Mille, J., Brambati, S. M., Izaute, M., & Vallet, G. T. (2021). Low-resolution neurocognitive aging
and cognition: An embodied perspective. Frontiers in Systems Neuroscience, 15, 78. doi:
10.3389/fnsys.2021.687393

Park, G., & Thayer, J. F. (2014). From the heart to the mind: Cardiac vagal tone modulates top-down
and bottom-up visual perception and attention to emotional stimuli. Frontiers in Psychology, 5. doi:
10.3389/fpsyg.2014.00278

Park, G., Vasey, M. W., Bavel, J. J. V., & Thayer, J. F. (2014). When tonic cardiac vagal tone predicts
changes in phasic vagal tone: The role of fear and perceptual load. Psychophysiology, 51(5), 419-426.
doi: 10.1111/psyp.12186

Pastore, R. E., Crawley, E., Skelly, M. A., & Berens, M. S. (2003). Signal detection theory analyses
of semantic priming in word recognition. Journal of Experimental Psychology: Human Perception
and Performance, 29(6), 1251-1266. doi: 10.1037/0096-1523.29.6.1251



341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386

387

Porges, S. W. (2007). The polyvagal perspective. Biol Psychol, 74(2), 116-143. doi:
10.1016/j.biopsycho.2006.06.009

Purkart, R., Mille, J., Versace, R., & Vallet, G. T. (2021). Playing “guess who?”: When an episodic
specificity induction increases trace distinctiveness and reduces memory errors during event
reconstruction. Memory, 0(0), 1-14. doi: 10.1080/09658211.2021.2014527

Reagh, Z. M., Roberts, J. M., Ly, M., DiProspero, N., Murray, E., & Yassa, M. A. (2014). Spatial
discrimination deficits as a function of mnemonic interference in aged adults with and without
memory impairment. Hippocampus, 24(3), 303-314. doi: 10.1002/hipo.22224

Ripley, B., Venables, B., Bates, D. M., ca 1998), K. H. (partial port, ca 1998), A. G. (partial port, &
Firth, D. (2022). MASS: Support Functions and Datasets for Venables and Ripley’s MASS (Version
7.3-55). Retrieved from https://CRAN.R-project.org/package=MASS

RStudio Team. (2020). RStudio: Integrated development environment for r (Version 20.0). Boston,
MA: RStudio, PBC. Retrieved from http://www.rstudio.com/

Schuurmans, A. A. T., de Looff, P., Nijhof, K. S., Rosada, C., Scholte, R. H. J., Popma, A., & Otten,
R. (2020). Validity of the Empatica E4 wristband to measure heart rate variability (HRV) parameters:
A comparison to electrocardiography (ECG). Journal of Medical Systems, 44(11), 190. doi:
10.1007/s10916-020-01648-w

Scofield, J. E., Buchanan, E. M., & Kaostic, B. (2018). A meta-analysis of the survival-processing
advantage in memory. Psychonomic Bulletin & Review, 25(3), 997-1012. doi: 10.3758/s13423-017-
1346-0

Shaffer, F., McCraty, R., & Zerr, C. L. (2014). A healthy heart is not a metronome: An integrative
review of the heart’s anatomy and heart rate variability. Frontiers in Psychology, 5. doi:
10.3389/fpsyg.2014.01040

Stanislaw, H., & Todorov, N. (1999). Calculation of signal detection theory measures. Behavior
Research Methods, Instruments, & Computers, 31(1), 137-149. doi: 10.3758/BF03207704
Stevenson, R. F., Reagh, Z. M., Chun, A. P., Murray, E. A., & Yassa, M. A. (2020). Pattern
separation and source memory engage distinct hippocampal and neocortical regions during retrieval.
Journal of Neuroscience, 40(4), 843-851. doi: 10.1523/JNEUROSCI.0564-19.2019

Tarvainen, M. P., Niskanen, J.-P., Lipponen, J. A., Ranta-Aho, P. O., & Karjalainen, P. A. (2014).
Kubios HRV-heart rate variability analysis software. Computer Methods and Programs in
Biomedicine, 113(1), 210-220. doi: 10.1016/j.cmpb.2013.07.024

Thayer, J. F., Hansen, A. L., Saus-Rose, E., & Johnsen, B. H. (2009). Heart rate variability, prefrontal
neural function, and cognitive performance: The neurovisceral integration perspective on self-
regulation, adaptation, and health. Annals of Behavioral Medicine, 37(2), 141-153. doi:
10.1007/s12160-009-9101-z

Thayer, J. F., & Sternberg, E. (2006). Beyond heart rate variability: VVagal regulation of allostatic
systems. Annals of the New York Academy of Sciences, 1088, 361-372. doi: 10.1196/annals.1366.014
Tzakis, N., & Holahan, M. R. (2019). Social memory and the role of the hippocampal CA2 region.
Frontiers in Behavioral Neuroscience, 13, 233. doi: 10.3389/fnbeh.2019.00233

Yassa, M. A., & Stark, C. E. L. (2011). Pattern separation in the hippocampus. Trends in
Neurosciences, 34(10), 515-525. doi: 10.1016/j.tins.2011.06.006

Yu, C., & Yao, W. (2017). Robust linear regression: A review and comparison. Communications in
Statistics - Simulation and Computation, 46(8), 6261-6282. doi: 10.1080/03610918.2016.1202271
Zigmond, A. S., & Snaith, R. P. (1983). The hospital anxiety and depression scale. Acta Psychiatrica
Scandinavica, 67(6), 361-370. doi: 10.1111/j.1600-0447.1983.tb09716.x



LOW DISTINCTIVENESS HIGH DISTINCTIVENESS

390 Fig. 1. Photographs of characters in a block for each distinctiveness condition.



391

392

393

394

395

one trial

-

400 ms - STUDY PHASE

"Sitting on}ﬂ or 7sec L
... a CHAIR" es : HIGH per block
3000 ms
400 ms FILLER TASK
"Sitting on same
o .. a STOOL" block )
TEST PHASE
1or2
per action
one trial M
-
"Sitting on 4
... a CHAIR" }0 - SRod e
MATCH MISMATCH
'— OR n 1000 ms
MATCH or MISMATCH ? :
[ PRESS THE CORRESPONDING KEY
I_- until 4000 ms
or participant’s response
- 2000 ms ()
"Playing NEXT
GUITAR"LO ACTION

\. v

Fig. 2. Procedure and details of the memory discrimination task.
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