
Accepted manuscripts are peer-reviewed but have not been through the copyediting, formatting, or proofreading
process.

This is an open-access article distributed under the terms of the Creative Commons Attribution 4.0 International
(http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution and reproduction in any
medium provided that the original work is properly attributed.

Copyright © 2016 the authors

This Accepted Manuscript has not been copyedited and formatted. The final version may differ from this version.

Research Article: New Research | Cognition and Behavior

Memorable audiovisual narratives synchronize sensory and supramodal neural
responses

Audiovisual narratives synchronize neural response

Samantha S. Cohen1 and Lucas C. Parra2

1Department of Psychology, Graduate Center of the City University of New York, New York 10016
2Department of Biomedical Engineering, City College of New York, New York, New York 10031

DOI: 10.1523/ENEURO.0203-16.2016

Received: 13 July 2016

Revised: 5 October 2016

Accepted: 5 October 2016

Published: 3 November 2016

Author Contributions: SC and LP Designed Research; SC Performed Research; SC and LP Analyzed data,
SC and LP Wrote the paper

Funding: Defense Advanced Research Projects Agency (DARPA)
W911NF-14-1-0157

Funding: Defense Advanced Research Projects Agency (DARPA)
W911NF-14-1-0157

Conflict of Interest: Authors report no conflict of interest

Correspondence should be addressed to Lucas C. Parra, The City College of New York, 160 Convent Ave.,
Room ST-403C, New York, NY 10031, E-mail: parra@ccny.cuny.edu

Cite as: eNeuro 2016; 10.1523/ENEURO.0203-16.2016

Alerts: Sign up at eneuro.org/alerts to receive customized email alerts when the fully formatted version of this
article is published.



 

 1

Manuscript Title Page 1 
1. Manuscript Title (50 word maximum) 2 
Memorable audiovisual narratives synchronize sensory and supramodal neural responses 3 
2. Abbreviated Title (50 character maximum) 4 
Audiovisual narratives synchronize neural response 5 
3. List all Author Names and Affiliations in order as they would appear in the published article  6 
Samantha S. Cohen1 and Lucas C. Parra2 7 
1 Department of Psychology, Graduate Center of the City University of New York, New York 10016 8 
2 Department of Biomedical Engineering, City College of New York, New York, New York 10031 9 
4. Author Contributions:  10 
SC and LP Designed Research; SC Performed Research; SC and LP Analyzed data, SC and LP Wrote the paper 11 
5. Correspondence should be addressed to (include email address) 12 
Lucas C. Parra 13 
The City College of New York 14 
160 Convent Ave., Room ST-403C 15 
New York, NY 10031 16 
Email: parra@ccny.cuny.edu 17 
6. Number of Figures: 5 18 
7. Number of Tables: 0 19 
8. Number of Multimedia: 0 20 
9. Number of words for Abstract: 206 21 
10. Number of words for Significance Statement: 103 22 
11. Number of words for Introduction: 662 23 
12. Number of words for Discussion: 1,373 24 
13. Acknowledgements: We thank Stefan Haufe for suggesting code to compute ISC using symmetrized 25 
between- and within-subject covariance matrices. We would additionally like to acknowledge StoryCorps for 26 
allowing us to use their image from Sundays at Rocco's, a StoryCorps animated short produced by Lizzie Jacobs 27 
and Mike Rauch, for Figure 1. 28 
14. Conflict of Interest: Authors report no conflict of interest’ 29 
A. No (State ‘Authors report no conflict of interest’) 30 
B. Yes (Please explain) 31 
15. Funding sources: This work was supported by the Defense Advanced Research Projects Agency (DARPA 32 
Contract W911NF-14-1-0157). 33 
 34 
 35 
 36 
 37 
 38 
 39 
 40 
 41 
 42 
 43 
 44 
 45 
 46 
 47 
 48 
 49 
 50 
 51 
 52 
 53 
 54 
 55 



 

 2

 56 
 57 
Abstract 58 
 59 
Our brains integrate information across sensory modalities to generate perceptual experiences and form 60 
memories. However, it is difficult to determine the conditions under which multisensory stimulation will benefit 61 
or hinder the retrieval of everyday experiences. We hypothesized that the determining factor is the reliability of 62 
information processing during stimulus presentation, which can be measured through inter-subject correlation of 63 
stimulus evoked activity. We therefore presented biographical auditory narratives and visual animations to 72 64 
human subjects either visually, auditorily, or combined while neural activity was recorded using 65 
electroencephalography. Memory for the narrated information, contained in the auditory stream, was tested three 66 
weeks later. While the visual stimulus alone led to no meaningful retrieval, this related stimulus improved 67 
memory when it was combined with the story, even when it was temporally incongruent with the audio. Further, 68 
individuals with better subsequent memory elicited neural responses during encoding that were more correlated 69 
with their peers. Surprisingly, portions of this predictive synchronized activity were present regardless of the 70 
sensory modality of the stimulus. These data suggest that the strength of sensory and supramodal activity is 71 
predictive of memory performance after three weeks and that neural synchrony may explain the mnemonic 72 
benefit of the functionally uninformative visual context observed for these real-world stimuli. 73 
 74 
Significance Statement 75 
  76 
Although multisensory integration is an important part of daily life, the mnemonic influence of one modality on 77 
another is not well established. Cross-modal cues may either strengthen or interfere with memory for 78 
information imparted through another sensory modality. We establish that during the encoding of a naturalistic 79 
auditory stimulus the cross-subject synchrony of neural processing predicts memory performance regardless of 80 
stimulus modality. The dominant neural signature of enhanced encoding is supramodal in that it is largely 81 
independent of the modality of stimulus presentation. The level of synchrony that a story elicits may help predict 82 
the extent to which adding extraneous information benefits memory. 83 
 84 
Introduction 85 
 86 
It is often easier to remember your friends’ stories when they illustrate them with photos. These multisensory 87 
representations of the world can facilitate encoding by providing multiple cues regarding the salience of 88 
experienced events (Giard and Peronnet, 1999). By some accounts, the brain's primary role is as a multisensory 89 
integrator. However, this does not necessarily mean that additional sensory information will enhance encoding. 90 
The content relayed through simultaneous auditory and visual streams can either strengthen or interfere with 91 
unisensory memory (Shams and Seitz, 2008). A supplementary modality usually enhances memory when it is 92 
semantically congruent with the primary stimulus, however it can be detrimental if it does not impart 93 
meaningfully relevant information (Von Kriegstein and Giraud, 2006; Cohen et al., 2009; Matusz et al., 2015). 94 
Benefits are often ascribed to an associative memory mechanism whereby memories from one modality can cue 95 
the retrieval of those imparted by another (Fuster, 1997). Decrements are explained using theories of limited 96 
attention which posit that superfluous modalities may distract from the learning of pertinent information 97 
(Murdock, 1965; Craik et al., 1996). There is little certainty as to which mechanism will dominate in any given 98 
situation. Additionally, most existing research on multisensory memory addresses memory for discrete stimuli, 99 
rather than the semantic aspects of dynamic every-day experiences.  100 
 101 
Arguably, the benefits or detriments of the added modality will depend on its effects on the neural processing of 102 
the stimulus during encoding. It is well established that memory accuracy can be predicted by evoked response 103 
magnitude during encoding (Brewer et al., 1998; Wagner et al., 1998; Kim, 2011). Yet, very little is known 104 
about the neural substrate of multisensory memory effects in a naturalistic context. The magnitude of responses 105 
evoked by discrete multisensory stimuli has previously been linked to memory (Murray et al., 2004; Thelen et 106 
al., 2012, 2014; Altieri et al., 2013; Matusz et al., 2015). However, there is no similar evidence regarding how 107 
the neural processing of multisensory stimuli potentiate memory in the context of naturalistic, contextually rich 108 
stimuli that can be understood from a single modality. 109 
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 110 
We hypothesized that the synchrony of neural responses between individuals attending to the same naturalistic 111 
multisensory stimulation is predictive of memory. Discrete regions of cortex have been shown to exhibit 112 
enhanced inter-subject correlation (ISC) in fMRI during the encoding of successfully remembered items from a 113 
narrative (Hasson et al., 2008). However, it has not yet been determined whether ISC, measured on the fast 114 
timescale of electrophysiology (<1s), can be used as a surrogate for the successful encoding of a dynamic 115 
narrative stimulus. Therefore, to quantify the reliability of evoked responses, we measure the ISC of neural 116 
activity across the group experiencing the stimulus, following work in fMRI, EEG and MEG (Hasson et al., 117 
2004; Dmochowski et al., 2012; Lankinen et al., 2014). In contrast to previous work, the focus is here on 118 
multisensory memory effects, and thus synchrony of neural activity is assessed for auditory, visual and 119 
audiovisual stimuli.  120 
 121 
We expected that visuals enhance engagement with the stimulus, and thus potentiate the encoding of auditory 122 
information. Electroencephalography (EEG) was recorded during the presentation of biographical narratives and 123 
the memory for auditorily imparted story elements was tested three weeks later in an effort to mimic the features 124 
of real-world episodic encoding. The narratives were presented solely auditorily, or combined with illustrative 125 
visual animations. ISC was used to assess encoding efficacy because it is indicative of attention and preference 126 
(Dmochowski et al., 2014; Ki et al., 2016), and is therefore likely representative of enhanced stimulus 127 
processing. Although the visual stimulus alone did not induce any meaningful memory, it improved retrieval 128 
when combined with the narrative, regardless of whether it was temporally aligned with the audio. Additionally, 129 
the synchrony of stimulus-evoked neural processing across individuals was predictive of memory. The spatial 130 
distribution of this predictive neural activity was largely consistent across auditory and visual stimuli. Thus, 131 
under realistic conditions, functionally uninformative visual content enhances both subsequent memory and 132 
inter-subject correlation of supramodal evoked-response. 133 
 134 
Methods 135 
 136 
Participants 137 
A total of 88 fluent English speaking subjects (age 25 ± 6 years, 23 females) with normal or corrected to normal 138 
vision participated in the experiment. Of the original 88, 75 subjects completed the follow-up memory 139 
assessment three weeks after stimulus presentation.  All participants provided written informed consent, and 140 
were remunerated for their participation. Additionally, they all had self-reported little to no familiarity with the 141 
stimulus. Procedures were approved by the Institutional Review Board of the City University of New York.  142 
 143 
Stimuli presentation 144 
The stimuli used were taken from 10 different videos (5 from the New York Times' Modern Love episodes: 145 
“Broken Heart Doctor” (BHD), “Don't Let it Snow” (DLIS), “Falling in Love at 71” (FILSO), “Lost and Found” 146 
(LF), and “The Matchmaker” (TM), and 5 from StoryCorps' animated shorts: “Eyes on the Stars” (EOTS), “John 147 
and Joe” (JJ), “Marking the Distance” (MTD), “Sundays at Rocco's” (SAR, depicted in Figure 1) , and “To R.P. 148 
Salazar with Love” (TRPSWL). The clips were on average 161 ± 44 s in length, and individual scenes were on 149 
average 17.9 ± 12.8 s in length. Scene duration differed significantly across videos (F(9,76)=1.98, p=0.05). The 150 
AV, AVsc, and A Only versions of all stimuli are available at http://www.parralab.org/isc/memory-videos.html. 151 
The stories were chosen on the basis of their highly emotive content thought to drive synchronous responses 152 
across subjects (Dmochowski et al., 2012). In addition to some music, the auditory component of each video 153 
consisted of a narration that could be understood without the accompanying animations. Subjects were in one of 154 
the following stimulus conditions. A Only condition: Subjects listened to the sound from the video while their 155 
eyes fixated on a cross centered on a screen with a constant luminance equal to the mean across the 10 videos (n 156 
= 16, 13 completed memory battery). Prior to the onset of the auditory narration, introductory text, present in all 157 
conditions, was displayed to assure that all subjects had a consistent narrative context. AV condition: Subjects 158 
watched the unadulterated videos (n = 21, 16 completed memory battery). AVsc condition: Subjects watched 159 
videos where the auditory component was unchanged, but the scenes of the animations were randomly 160 
scrambled at scene cuts occurred 6-12 times per clip (n = 17, 14 completed memory battery). V Only condition: 161 
Subjects watched the silent animations without the auditory content (n = 18, 16 completed memory battery). No 162 
Stim condition: Subjects were never presented with any stimuli nor was EEG collected and they therefore 163 
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answered the memory questionnaire naively (n = 16, 16 completed memory battery). Stimuli were edited 164 
according to stimulus condition with Lightworks software (Copyright EditShare EMEA 2014) and presented in a 165 
random order, counterbalanced across conditions, using an in-house modified version of M-Player software 166 
(http://www.mplayerhq.hu), which provided trigger signals for the EEG acquisition system once per second 167 
during the duration of each stimulus, with a temporal jitter of less than ±2 ms across subjects. Stimuli were 168 
presented in a dark, and electrically and acoustically shielded room, with brief breaks between clips (< 30s). 169 
 170 
Memory Test 171 
Subjects were informed after stimulus presentation that they might be contacted for future correspondence 172 
regarding the stimuli. Three weeks later, without prior knowledge of a memory requirement, subjects received a 173 
memory test with 4-alternative forced-choice questions (n = 72) presented via LimeSurvey (LimeSurvey Project 174 
Team/Carsten Schmitz, 2012) where 5-9 questions corresponded to each story. The order of the questions 175 
concerning each story matched the order in which the stories had been originally presented to each participant. 176 
The questions concerned information that could be acquired entirely through the A Only presentation. The 177 
content of the questions was either of a factual nature, which was literally stated during the narrative (3-8 178 
questions per story; e.g. “What would Rocco do with the narrator when they went for walks?, see Figure 1) or 179 
concerned emotional content that could only be learned through theory of mind reasoning (1-2 questions per 180 
story; e.g. “How did the narrator feel about the apartment building being condemned?” (Frith and Frith, 1999). 181 
 182 
EEG Data Collection and Preprocessing 183 
The EEG was recorded with a BioSemi Active Two system (BioSemi, Amsterdam, Netherlands) at a sampling 184 
frequency of 512 Hz. Subjects were fitted with a standard, 64-electrode cap following the international 10/10 185 
system. To subsequently remove eye-movement artifacts, the electrooculogram (EOG) was also recorded with 186 
six auxiliary electrodes (one located dorsally, ventrally, and laterally to each eye). All signal processing was 187 
performed offline in the MATLAB software (MathWorks, Natick, MA, USA). 188 
 189 
Data pre-processing procedures followed Dmochowski et al. (2012).  The EEG and EOG data were first down-190 
sampled to 256 Hz, high-pass filtered (1 Hz cutoff), and notch filtered at 60 Hz. After extracting the EEG/EOG 191 
segments corresponding to the duration of each stimulus, electrode channels with high variance were manually 192 
identified and replaced with zero valued samples using visual inspection, effectively discounting these channels 193 
in subsequent calculation of covariance matrices. Eye-movement artifacts were removed by linearly regressing 194 
the EOG channels from the EEG channels. Outlier samples were identified in each channel (magnitude exceeded 195 
three standard deviations of their respective channel's mean) and samples 40ms before and after such outliers 196 
were replaced with zero valued samples. These stringent artifact rejection techniques were employed due to the 197 
sensitivity to outliers of the covariance matrices used in the neural synchrony computation. 198 
 199 
Inter-Subject Correlation 200 
To determine the fidelity with which a unique stimulus presentation is processed, the inter-subject correlation 201 
(ISC) of the neural responses is computed. The correlation of responses between subjects is similar to traditional 202 
evoked response analyses in that both measures increase in magnitude when responses are reliably reproduced 203 
(either across subjects or trials). They are also similar measures in that in order to find correlation between 204 
subjects, responses must be reliable within each individual (Hasson, Malach, & Heeger, 2009). In the present 205 
circumstances, where repeatedly presenting an identical stimulus to the same subject would artificially potentiate 206 
their memory, the ISC metric has a particular advantage over traditional evoke-response analyses. Fortunately, in 207 
a naturalistic setting, where stimuli occur in a continuous stream, ISC can be assessed by fMRI, EEG, and MEG 208 
(Hasson et al., 2004; Dmochowski et al., 2012; Lankinen et al., 2014). Here we utilize EEG in order to measure 209 
the correlation between fast stimulus-evoked responses across subjects. Fast means that these stimulus-evoked 210 
responses, high-pass filtered at 1 Hz, are faster than the hemodynamic response for fMRI. Inter-subject 211 
correlation (ISC) is evaluated in the correlated components of the EEG and can be measured with as few as 12 212 
subjects (Dmochowski et al., 2012, 2014). The goal of correlated component analysis in this case is to find linear 213 
combinations of electrodes (one could think of them as virtual sensors or “sources” in the brain) that are 214 
consistent across subjects and maximally correlated between them. 215 
 216 
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Correlated component analysis is similar to traditional principal component analysis except that it extracts 217 
projections of the data with maximal correlation rather than maximal variance. The technique requires 218 
calculation of the pooled between-subject cross-covariance, = ( −1) ∑ ∑ , ≠ , and the pooled within-219 

subject covariance, = 1 ∑ , where = ∑ ( ( ) − )( ( ) − )  220 

measures the cross-covariance of all electrodes in subject k with all electrodes in subject l. Vector ( ) 221 
represents the scalp voltages at time t in subject k, and, , their mean value in time. The component projections 222 
that capture the largest correlation between subjects (ISC) are the eigenvectors vi of matrix  with the 223 
strongest eigenvalues, which measures the strength of correlation in the i-th component:  224 =  

           . (1) 225 

 226 
High ISC is obtained when the responses are similar across subjects.  Prior to computing eigenvectors, the 227 
pooled within-subject correlation matrix is regularized in order to improve robustness to outliers using shrinkage 228 
(see (Blankertz et al., 2011). Between- and within-subject covariance matrices were computed for all subjects in 229 
each stimulus condition regardless of completion of the memory questionnaire. These matrices were 230 
subsequently averaged over the 10 stimuli, and over all presentation modalities (A Only, V Only, AV and AVcs) 231 
to obtain a common set of components applicable to all conditions. Note that the covariance matrices are 232 
normalized by the number of subjects in each condition so that the unequal number of subjects in each condition 233 
do not bias the results.  Additionally, the matrices for AV and AVsc were first averaged together prior to 234 
combining with the other modalities so as not to bias results by the two repeated multisensory conditions.  235 
 236 
The same component projections vi  were therefore used for all stimulus conditions to measure ISC.  The three 237 
strongest correlated components were selected and the corresponding correlation values were computed 238 
separately for each condition, component, and for each of the 10 narratives. ISC is reported as the correlation 239 
summed over all components: =  ∑ . This is limited to the strongest three components so that the neural 240 
metrics reported measure the overall level of synchrony evoked by the stimulus regardless of anatomical origin. 241 
Additionally, correlations  in the weaker components were not always significantly different from chance 242 
(phase shuffle statistics, see below and Figure 3A where grey indicates phase shuffled ISC) and the spatial 243 
distributions of these weaker components differed across modality. 244 
 245 
To determine how similar each subject is to the others experiencing the same stimulus, ISC is computed on an 246 
individual-subject basis. Correlation is computed between a given subject, k, and all others who experienced the 247 
same condition:  248 = ,,  

 249 
, (2) 250 

 251 
using the following definitions for the between and within-subject covariance , = 1( −1) ∑ ( + ), ≠ , and  252 

, = 1( −1) ∑ ( + ), ≠ , which are symmetrized to ensure a proper normalization as a correlation 253 

coefficient. The ISC per subject is defined again as the sum of correlation across components: =  ∑ . 254 
To resolve a common set of components for the different conditions, the projection vectors are computed using 255 
the average of the correlation matrices across conditions. Note, however, that the ISC for individual subjects 256 
using these projection vectors is then computed only within condition, i.e. by measuring the reliability of 257 
responses only between subjects exposed to the identical stimulus. To rule out the possible dependence of the 258 
ISC measure between conditions, we repeated this analysis using projections vi that maximizes correlation 259 
within conditions.  260 
 261 
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ISC values that can be obtained by chance were determined by computing ISC in an identical manner as above 262 
(including component extraction) using 100 renditions of surrogate data following (Prichard and Theiler, 1994). 263 
By randomizing phase identically in all channels this surrogate data perturbs the time course of the data but 264 
preserves the temporal and spatial correlation in the original EEG signal. Significance tests were corrected for 265 
multiple comparisons while controlling the false discovery rate (Benjamini and Hochberg, 1995). 266 
 267 
To visualize the spatial distribution of the component activity, the “forward model” is computed for each 268 
component (Parra et al., 2005; Haufe et al., 2014). A forward model represents the covariance between each 269 
component’s activity and the activity at each electrode location. To provide a meaningful scale, we deviate from 270 
the literature by normalizing this covariance by the signal magnitudes to indicate correlation coefficients which 271 
scale between -1 and +1. Code to compute ISC is available at http://www.parralab.org/isc/ 272 
 273 
Comparisons of both memory accuracy and inter-subject correlation 274 
Due to the between-subjects design, all statistical comparisons (ANOVAs, t-tests, and z-tests) are unpaired, 275 
unless otherwise stated (e.g. in cases where comparisons are made between the same memory questions asked to 276 
different groups of subjects). ANOVAs to assess differences in memory accuracy across conditions were 277 
computed using the accuracy value for each question averaged across subjects. To assess the non-trivial 278 
correlation between ISC and memory accuracy, the effect of stimulus modality was controlled for as both 279 
variables were strongly and significantly modulated by the addition of visuals to the auditory component. When 280 
assessing the correlation across subjects, the mean for each condition was subtracted from each individual’s ISC 281 
and memory accuracy. In addition to accounting for stimulus modality, correlations only included values from 282 
conditions where memory performance was above chance (assessed via comparison with the No Stim condition); 283 
the V Only ISC was therefore not related to memory that wasn’t tested for.  284 
 285 
Strength of oscillatory activity 286 
For the oscillatory power analysis, the frequency bands that have previously been associated with memory and 287 
attention (theta, alpha, and gamma) were used. For each subject, band-power, was calculated in both individual 288 
electrodes and in each of the correlated components. Band-pass powers were then then individually normalized 289 
by the total broad-band power and then averaged across narratives. Power was measured on the band-passed 290 
signals for theta (4.5 – 9.5 Hz), alpha (7.5 – 12.5 Hz), and gamma (30-50 Hz) frequency bands using a Morlet 291 
filter. 292 
 293 
Results 294 
 295 
We sought to investigate whether the inter-subject correlation (ISC) of electroencephalographic evoked-296 
responses is predictive of memory for auditory information in the context of realistic multisensory episodic 297 
memory. Ten biographical narratives were presented to separate groups of individuals who either solely heard 298 
the stories (A Only), or heard them with accompanying visual animations that complemented the auditory 299 
narrative (AV). This between-subjects design allowed a comparison between unisensory and multisensory 300 
stimulation while avoiding confounds, such as memory potentiation, due to repeated stimulus presentations. To 301 
determine the importance of semantic congruency, a control group heard the story with the same visual 302 
animations scrambled in time so that they didn't semantically match the auditory stream (AVsc). To measure the 303 
information content of the visual stimulus alone, another control group watched the visual animations without 304 
the narration (V Only, see Figure 1 for illustration). The chance-level performance on the question battery was 305 
measured on a third control group who answered the memory questions without experiencing either the auditory 306 
or the visual stimulus (No Stim). To assess incidental episodic memory, subjects were not aware that they would 307 
be asked to retrieve the information presented in the auditory narration three weeks later. 308 
Electroencephalographic (EEG) activity was measured on 72 subjects during stimulus presentation to assess 309 
neural processing during encoding.  We expected that the supplementary visuals would boost memory 310 
performance when congruent with the auditory stories (AV, but not AVsc). We also hypothesized that when the 311 
auditory narrative was present (A Only, AV, AVsc, but not V Only), the accuracy with which subjects 312 
remembered the stories would be predicted by how correlated their brain activity was to others responding to the 313 
same stimulus. 314 
 315 
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Multisensory presentations enhance incidental episodic memory 316 
A 72-question evaluation assessed memory for auditory content from the 10 narratives. Subjects who heard the 317 
stories (A Only, AV, or AVsc) correctly answered 70.1% ± 21.8% of the questions, a level significantly above 318 
chance performance (t(71)=15.0, p = 1e-23, all t-tests in this section are paired samples t-test across questions) 319 
established on subjects who were naïve to the stimulus (No Stim condition, 35.6% ± 18.8%). Nine questions in 320 
the No Stim condition were answered at a level above numerical chance (25%, determined via one sample z-tests 321 
for proportions and FDR corrected for multiple comparisons). 322 
 323 
In contrast to the conditions containing the auditory narrative, performance in the V Only condition (37.2% ± 324 
24.1%) was indistinguishable from chance (t(71)=0.7, p = 0.5, paired samples t-test across questions), it was thus 325 
functionally uninformative. Therefore, as intended, the visual stimulus did not carry any meaningful, question-326 
pertinent information (with the exception of one question answered significantly better by V Only participants 327 
than by No Stim participants, determined via two sample z-tests for proportions and FDR corrected). It is 328 
possible that had the questions also probed for visual information, the differences between audio and visual 329 
memory performance would have been different. Subsequent memory analyses will therefore examine memory 330 
performance only for conditions in which the auditory narrative was presented (A Only, AV, and AVsc).  331 
 332 
A two-way repeated-measures ANOVA for memory accuracy, with condition as factor (A Only, AV, and AVsc) 333 
and narrative as repeated measure factor, revealed a significant effect of condition (F(2,186) = 35.0, p = 6e-8; 334 
Figure 2A) and narrative (F(9,186) = 20.6, p < 1e-7; Figure 2B), but no interaction (F(18,186) = 0.2, p = 1, 335 
ANOVA calculated on the accuracy value of each question, averaged across subjects). A repeated measures 336 
ANOVA was used here because the memory questions used for each narrative were the same, or repeated, across 337 
conditions. Additionally, there was no significant effect of who produced the narrative (F(1,186)=20.2, p=0.07, 338 
determined via a nested two-way ANOVA contrasting New York Times and StoryCorps produced stories) and 339 
production did not interact with condition (F(2,186)=0.1, p=0.9). Although the visual stimulus alone did not 340 
carry any question-related information, the effect of condition was driven by a significant boost in memory 341 
performance when the visual stimulus was combined with the auditory narrative. This effect holds even when 342 
the visual stimulus was incongruent with the story (12.9% ± 16.1% improvement above A Only for AV, 343 
t(71)=6.8, p=3e-9, and 9.6% ± 16.6% improvement above A Only for AVsc, t(71)=4.9, p=6e-6; Figure 2A). The 344 
congruent visual stimulus enhanced memory slightly better than the incongruent stimulus (AV vs AVsc, 345 
t(71)=2.1, p = 0.04). 346 
 347 
The variation in performance across narratives may indicate that question difficulty varied across stories as a 348 
result of experimenter bias. However, information retrieval varied across narratives even after controlling for the 349 
variation in chance-level performance (F(9,186) = 9.6, p = 3e-5, performance on each question in the No Stim 350 
condition subtracted prior to the ANOVA; Figure 2B). This may indicate that some stories were genuinely more 351 
memorable than others. Furthermore, the lack of an interaction between narrative and condition suggests that the 352 
visual boost in memory performance generalizes across stories and was not specific to the content of the 353 
animations.  354 
 355 
Multisensory presentations increase the synchrony of neural responses 356 
Inter-subject correlation (ISC) is measured following previous research (Dmochowski et al., 2012; Ki et al., 357 
2016) (Equation 1). An ANOVA comparing the ISC across conditions revealed a significant effect of condition 358 
(F(3,68) = 66.4, p = 9e-20). The visual animations (V Only) evoked stronger ISC than those evoked by the 359 
auditory narrative alone (Figure 3A, A Only vs V Only, t(31)=8.4, p = 2e-9). This is not unexpected given that a 360 
large fraction of cortex is dedicated to visual processing (Felleman and Van Essen, 1991). Adding a second 361 
modality to the unimodal stimuli increases the ISC (AV vs V Only, t(36)=4.8, p = 2e-5, and AV vs A Only, 362 
t(33)=14.0, p = 2e-15), and adding visual stimulation to the auditory story increases ISC, even when the visual 363 
stimulus is temporally incongruent (AVsc vs V Only, t(32)=3.1, p = 0.004, and AVsc vs A Only, t(29)=13.7, 364 
p=4e-14). Additionally, AV has a slightly higher ISC than AVsc does (t(34)=2.1, p=0.05). This is the same 365 
pattern of modulation observed for memory accuracy (see Figure 3B/C), and, with the exception of the weaker 366 
difference between AV and AVsc, these effects are preserved when the ISC is computed on each condition 367 
separately (t(34)=1.7, p=0.09). Note that the effect of adding a modality is not expected to be additive in a 368 
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numerical sense, neither for memory performance, which has a strict ceiling, nor for ISC which is a measure of 369 
correlation and therefore non-linear. 370 
 371 
If the multisensory enhancement in memory could be explained by the corresponding increase in ISC, we would 372 
expect that the boost in ISC (AV-A) would correlate with the corresponding boost in memory (Figure 3B). 373 
However, the relationship could not be resolved in this small sample (r=0.20, p=0.6, N=10).  374 
 375 
Neural synchrony and memory for auditory information are correlated 376 
We hypothesized that ISC predicts memory performance regardless of stimulus modality. Figure 4A shows the 377 
relationship between each individual’s ISC (Equation 2) and their memory in all four stimulus conditions. This 378 
relationship is only significant in the AVsc condition (r=0.67, p=0.009, N=14). The numerical value of the 379 
correlation is also positive in the other conditions in which the narrative was present, although the sample sizes 380 
may have been too small to resolve a significant effect (A Only: r=0.48, p=0.1, N=13, AV: r=0.43, p=0.1, 381 
N=16). This relationship is numerically negative for subjects who did not hear the narrative (V Only, r=-0.08, 382 
p=0.8, N=16). This was expected since the memory questionnaire only assessed auditorily imparted information 383 
(V Only memory performance was at chance level; Figure 2A).  384 
 385 
The addition of these visuals to the auditory story increased both ISC and memory. Therefore, to control for this 386 
multisensory boost in the conditions where auditory information was presented (A Only, AV, and AVsc), the 387 
mean values for each condition are subtracted from subjects in that condition yielding Δ ISC and Δ Memory % 388 
values (Figure 4B). Subjects whose neural responses were more synchronous with others remembered the stories 389 
more accurately (r = 0.49, p = 9e-4, N=43 subjects). This relationship is similarly strong regardless of whether 390 
emotional or factual information was tested (r = 0.44, p = 0.002, for factual questions, r = 0.52, p = 3e-4, for 391 
emotional questions). Additionally, if the ISC components are chosen to maximize correlation within each 392 
condition, rather than in the average over conditions, ISC still predicts memory across subjects (r =  0.45, p = 393 
0.002, N=43 subjects). 394 
 395 
One possible interpretation of this result is that attention modulates both ISC (Ki et al., 2016) and memory 396 
performance (Murdock, 1965; Craik et al., 1996) and this therefore induces the correlation between the two. To 397 
assess this, we consider an additional neural measure known to be modulated by attention: alpha power. 398 
 399 
Alpha activity modulated by modality but not correlated to memory performance  400 
Attention is known to affect alpha-band power (Ray and Cole, 1985; Cooper et al., 2003; O’Connell et al., 2009) 401 
and alpha power decreases during encoding are correlated with memory performance (Klimesch et al., 1996; 402 
Hanslmayr et al., 2009). Similarly to the correlations computed for ISC, the correspondence between alpha 403 
power and memory was assessed for subjects and questions. Following previous research (Adrian and Matthews, 404 
1934; Gale et al., 1971), and in agreement with ISC, alpha power was significantly modulated by the addition of 405 
visual stimuli to the auditory narration (62 electrodes out of 64 significantly decreased in power between A Only 406 
and AV conditions, on average -2.6 ± 0.5 dB, N=39 subjects; and 61 electrodes significantly decreased in power 407 
between A Only and AVsc conditions, on average -2.0 ± 0.5 dB, N=35 subjects; all comparisons FDR corrected 408 
at p<0.05 and computed by shuffling condition labels). However, unlike ISC, after accounting for the modality 409 
effect, no correspondence between alpha power and memory was found in any electrode or in the combination of 410 
electrodes most correlated across subjects (all comparisons FDR corrected at p<0.05). Although the relationship 411 
between ISC and memory may be driven by attention (Ki et al., 2016), performing a mediation analysis to 412 
establish a causal link between alpha and ISC, which accounts for ISC’s relationship to memory, was 413 
unsuccessful due to the fact that alpha power did not correlate with memory.  414 
 415 
Since theta and gamma power have also been implicated in memory performance and maintenance over shorter 416 
timescales (e.g. (Osipova et al., 2006; Sauseng et al., 2009; Fuentemilla et al., 2010), these analyses were 417 
repeated for the theta and gamma bands. No change in power was found when adding the visual stimulus to the 418 
auditory story.  Additionally, neither band significantly correlated with memory performance (with the exception 419 
of a single electrode whose theta-band power correlated with memory accuracy in the across-questions analysis). 420 
 421 
Spatial distribution of synchronous neural response are preserved across modalities 422 
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ISC is measured in components of the EEG that are maximally correlated between subjects (see Methods). Note 423 
that by design components are temporally uncorrelated with each other and thus capture different sources of 424 
neural activity. To visualize the spatial distribution of these different sources, a “forward model” is computed for 425 
each component (Parra et al., 2005; Haufe et al., 2014). The magnitude of the forward model represents the 426 
strength to which each scalp electrode contributes to that component. The sign indicates the sign of the evoked 427 
potentials at that location.  First, in parallel with the ISC computations above, data is combined from all 428 
conditions (A Only, AV, AVsc, and V Only; Figure 5, Combined column). Additionally, forward models are 429 
computed separately per condition to determine the stability of the correlated components in separate conditions 430 
(Figure 5 AV, A Only, V Only). The components for AVsc are not presented as they look identical to those for 431 
AV. The resulting distributions for the three largest correlated components in the AV condition are similar to 432 
previous results using AV stimuli (Dmochowski et al., 2012). The first two components have a similar spatial 433 
distribution across conditions, with the visual and auditory conditions showing an additional localized negativity. 434 
For the first component (C1), the V Only and AV conditions have an added focal negativity at lateral occipital 435 
electrodes, consistent with visual processing. In the second component (C2), the A Only and AV conditions have 436 
an added focal negativity over fronto-temporal electrodes, consistent with auditory processing. Despite these two 437 
modality-specific aspects, the broader distributions of both C1 and C2 are mostly preserved across modalities, 438 
suggesting that C1 and C2 also capture supramodal responses. It is worth noting that ISC measured in each 439 
component is independently predictive of memory performance across subjects (C1: r=0.38, p=0.01, C2: r=0.47, 440 
p=0.001, C3: r=0.35, p=0.02, N=43). Thus, our finding that synchronous activity across subjects predicts 441 
memory performance applies to supramodal and audio-visual evoked activity.  442 
 443 
Discussion 444 
 445 
This study has two main findings. First, visual context enhances the memory of an auditory narrative despite 446 
lacking pertinent information and even when it is presented incongruently with the narrative (Figure 2). This 447 
finding is notable since it applies to the biographical narratives that are commonly shared in everyday life 448 
experiences (NY Times and StoryCorp stories) rather than to stimuli constructed in the lab by experimenters. 449 
Our second finding is that subjects whose neural responses correlated more strongly with others had superior 450 
memories, consistent with results on the slower time scale of fMRI (Hasson et al., 2008) (Figure 4). While event 451 
related potentials have been linked to retrieval (Paller and Wagner, 2002), no similar results are available for 452 
supramodal evoked responses as we report here (Figure 5). Importantly, our results extends previous finding 453 
using discrete stimuli (Murray et al., 2004; Thelen et al., 2012, 2014; Matusz et al., 2015) to the case of  454 
continuous and prolonged naturalistic stimuli and memory tasks. These results can be interpreted using theories 455 
of associative memory, the reliability of stimulus-induced encoding, and attentional engagement, as outlined 456 
below. 457 
 458 
Since visual context enhanced memory for the auditory narrative in the absence of functionally informative 459 
content, our results lend support to the theory of associative memory wherein information retrieval is enhanced 460 
when it can be linked with a framework of associations (Yates, 1966; Paivio, 1991). In the unadulterated audio-461 
visual case, the functionally uninformative visual was congruent and semantically linked to the audio story, with 462 
some clips containing specific visual clues associated with auditorily presented information. Coupling of 463 
semantically linked audio and visual information has been shown to augment overall comprehension of the 464 
material (Sumby and Pollack, 1954). However, previous research has found conflicting evidence regarding the 465 
role of a supplemental sensory modality in unisensory encoding (Thelen and Murray, 2013). Multisensory 466 
stimulation-dependent retrieval enhancements often depend on the meaningful congruency between the 467 
semantics of the auditory and visual content (Von Kriegstein and Giraud, 2006; Matusz et al., 2015). A 468 
correspondence between sensory streams is thought to enhance the binding between them and therefore induce a 469 
stronger memory trace (James, 1890). However, if coincident stimuli are incongruent or irrelevant, they may 470 
interfere with the ability to remember either stimulus individually (Cowan, 1999; Mayer et al., 2001; Matusz et 471 
al., 2015; Thelen et al., 2015) since human attention has a limited bandwidth (Broadbent, 1958; Sweller, 1994). 472 
Following this argument, it seems surprising that the temporally incongruent audio-visual condition (AVsc) was 473 
almost as effective as the unadulterated version (AV). It is possible, however, that information lingered in 474 
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working memory, thus permitting an association between the two information streams despite their temporal 475 
misalignment (Cowan, 1999).  476 
 477 
An alternative interpretation is that visual stimuli enhance processing of auditory information and therefore 478 
augment memory. Neural activity was recorded to explore whether stimulus processing is predictive of memory 479 
performance. Similarly to memory performance, the addition of the visual modality increased inter-subject 480 
correlation (ISC) above audio alone. While it could be a coincidence that visual stimulation independently 481 
affected memory and ISC, the increase in both memory and ISC when the congruent visual stimulus is added to 482 
the audio story is consistent with the interpretation that more reliable processing during encoding leads to better 483 
memory performance. Indeed, after controlling for the modality of the stimulus, narrative-evoked responses that 484 
were more correlated across subjects predicted improved recognition memory three weeks later (r = 0.49; Figure 485 
4).   486 
 487 
The correlation of neural responses across subjects can only be high when responses are reliably reproduced in 488 
each individual. Thus, high ISC requires that each participant produces a reliable neural response to the stimulus. 489 
Based on the present results and previous literature, we argue that this reliability reflects the reliability with 490 
which each subject processes the material that they are presented with. The robustness of encoding has been 491 
linked to the reliability of evoked responses to repeated stimulus presentations in both animals and humans (Yao 492 
et al., 2007; Xue et al., 2010). Recent work in humans has also shown that repeat-reliability within individuals 493 
directly translates to the reliability of responses across subjects (Hasson et al., 2009; Byrge et al., 2015). High 494 
ISC may therefore represent faithful and repeatable auditory processing which thus lead to enhancements in 495 
memory for auditory information. Indeed, for the A Only and AV conditions, the second component (C2) has a 496 
bilateral temporal distribution (Figure 5) consistent with auditory cortex activity and this component alone is a 497 
good predictor of memory performance. However, the most reliable component of the evoked response (C1) is 498 
also partially modality-independent since its spatial distribution is similar regardless of sensory modality (Figure 499 
5). This component may therefore also capture higher-level processing of the stimulus (Marinkovic et al., 2003). 500 
Due to its broad spatial topography, it may represent the engagement of diverse brain areas that are not solely 501 
sensorily driven. This component also independently predicts memory performance. This suggests that neural 502 
generators that are not specifically tied to auditory processing are an important part of the reliable stimulus 503 
processing that leads to memory formation. 504 
 505 
It is possible that the level of attentional involvement with the stimulus corresponds with the extent to which the 506 
stimulus evokes synchronous responses across subjects and that this synchronous activity therefore predicts 507 
memory performance (Posner, 1980; Luck et al., 1994; Fontanini and Katz, 2008). In this view, ISC is 508 
modulated by the attentional engagement with the stimulus (Dmochowski et al., 2012). Consistent with this, 509 
recent work in our laboratory demonstrates that explicit manipulation of attentional state strongly modulates the 510 
level of ISC evoked by narrative stimuli (Ki et al., 2016) and attention is well known to affect learning and 511 
memory (Murdock, 1965; Baddeley et al., 1984). Similarly to day-to-day experience, during incidental encoding, 512 
attention fluctuates since it is subject to a number of variables including alertness, stimulus interest, and curiosity 513 
(James, 1890; Berlyne, 1966; Vuilleumier, 2005; Petersen and Posner, 2012). This inherent variability in 514 
attention over the course of the narrative may underlie the correlation between ISC and memory performance.  515 
 516 
Visual context, regardless of its congruency, may therefore have aided in directing and maintaining attention to 517 
the auditory narrative, and this mediating variable therefore improved memory performance. To validate this 518 
interpretation, we analyzed the strength of oscillatory band powers which have previously been associated with 519 
memory and attention (Klimesch et al., 1996; Foxe and Snyder, 2011). We anticipated that that alpha-power 520 
would have an inverse relationship with memory performance (Klimesch et al., 1996; Hanslmayr et al., 2009). 521 
However, after controlling for the effect of modality, no significant relationship was found. It is worth noting 522 
that in the context of a naturalistic stimulus, alpha power may not be as sensitive to attentional modulation as 523 
ISC (Ki et al., 2016). It is also possible that the effect of alpha power modulation is too weak to correlate with 524 
memory performance after three weeks. Measuring other markers of memory, such as the modulation of evoked 525 
response magnitude (Paller et al., 1987), are unfeasible under the present circumstances where individuals 526 
experience only one event, a single stimulus presentation. While ISC modulation suggests that attention played a 527 
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role in memory performance, a conclusive link may require experiments where attentional state is explicitly 528 
controlled.  529 
 530 
In conclusion, these experiments demonstrated memory enhancements when a functionally uninformative visual 531 
stimulus was added to an auditory narrative. This boost coincided with an increase in the correlation of narrative 532 
evoked responses across subjects. The extent to which individuals correlated with one another, thus processing 533 
the stimulus in a reliable and repeatable manner, predicted their memory performance. While ISC may be driven 534 
by modality-dependent stimulus features, this across-subject synchrony also exhibits a partially supramodal 535 
spatial pattern that may reflect encoding processes which induce subsequent memory. This measure of the 536 
reliability of neural processing may help to resolve the conditions under which adding extraneous information is 537 
beneficial to memory performance. It suggests that in a naturalistic setting where stimuli occur in a continuous 538 
stream, the reliability of processing may dominate other considerations such as whether an additive stimulus is 539 
congruent or incongruent. Future studies should utilize additive supplemental stimuli that are either beneficial or 540 
detrimental to memory performance. We predict that the most relevant factor is how the added stimulus affects 541 
the reliability with which the relevant information is processed. 542 
 543 
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 689 
Legends 690 
 691 
Figure 1: Illustration of the behavioral task. Subjects were exposed to one of five conditions: audio only (A 692 
Only), audio-visual (AV), audio with scrambled visuals (AVsc), visual only (V Only), or no stimulus exposure 693 
(No Stim, not shown). The sound clip represented by the waveform is “...and he would buy me a hotdog the size 694 
of my head...” Three weeks after stimulus presentation, and without prior warning, subjects were asked to 695 
complete an online questionnaire with 72 four-alternative forced-choice questions.  The question asked about 696 
this segment of the stimulus was “What would Rocco do with the narrator when they went for walks?” with 697 
answer options “a. Buy him a hot dog b. Buy him a milkshake c. Buy him candy d. Tell him stories.” Still 698 
images from “Sundays at Rocco’s,” a StoryCorps animated short produced by Lizzie Jacobs and Mike Rauch, 699 
reproduced here with permission from StoryCorps. 700 
 701 
Figure 2: Memory performance for different stimulus modalities (A) and different narratives (B). A: Note that 702 
exposure to the visual stimuli (V Only, yellow) yields performance no better than chance performance (No Stim, 703 
grey). In addition to mean and standard error (represented by the black horizontal and vertical lines, 704 
respectively), we also present the histogram of the distribution of accuracy values. B: For each narrative (for 705 
titles see Methods) performance is shown for audio only (A Only, purple), audio-visual (AV, blue), audio-visual 706 
scrambled (AVsc, green), and chance (No Stim, grey). Error bars represent standard error of the mean across 707 
questions (N=72 in A, and N=5-9 in B). *P<0.05, **P<0.01, ***P<0.001. 708 
 709 
Figure 3: Inter-subject correlation (ISC) for auditory (A Only, purple), audio-visual (AV, blue), and audio with 710 
scrambled visuals (AVsc, green), and visual (V Only, yellow) stimuli. The full distribution of the ISC values are 711 
indicated by the width of the histogram bars for each condition, and grey indicates the distribution of the chance 712 
level of correlation for each modality. ISC is calculated using the sum of the three largest correlated components 713 
elicited by the presentation of the narrative (Equation 1). Error bars (vertical lines) represent standard error of the 714 
mean across subjects. *P < 0.05, **P < 0.01, ***P < 0.001. B/C: The multisensory boost in memory and ISC 715 
occurs for all 10 narratives. The different presentation conditions, corresponding to separate groups of subjects, 716 
for each narrative are connected with a line, and standard errors across subjects are represented as horizontal and 717 
vertical bars for ISC and Memory %, respectively. 718 
 719 
Figure 4: Relationship between neural ISC and memory performance.  A: Memory accuracy for auditory 720 
information increases with ISC in all conditions in which the auditory narrations were heard (A Only, AV, and 721 
AVsc) but not when it was missing (V Only). Each point indicates an individual subject’s ISC (Equation 2) and 722 
memory. B: Same as A, but here to control for the modality effect, mean values across subjects were subtracted 723 
from ISC and memory performance for each subject in that stimulus condition. Only conditions with 724 
performance significantly above chance are used. 725 
 726 
Figure 5: The forward model for the three most correlated components of neural activity. Each column 727 
represents the forward model (correlation between surface electrodes and component activity) obtained either 728 
using all stimuli together (combining responses across all subjects, left), or via different stimulus presentations 729 
(A Only, middle-left, AV, middle-right, V Only, right). Each row represents a different component in 730 
descending order from most correlated (top) to least correlated (bottom; C1-C3). Color indicates the correlation 731 
between each scalp electrode and the component.   732 
 733 
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