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Abstract 33 

Much evidence suggests that the angular gyrus (AnG) is involved in episodic memory, but its precise 34 

role is yet to be determined. We examined two possible accounts, within the same experimental 35 

paradigm: the CoBRA account (Shimamura, 2011), which suggests that the AnG acts as a 36 

convergence zone that binds multimodal episodic features; and the Subjectivity account (Yazar et al., 37 

2012), which implicates AnG involvement in subjective mnemonic experience (such as vividness or 38 

confidence). fMRI was employed during both encoding and retrieval of paired-associates. During 39 

study, female and male human participants memorised picture-pairs of common objects (in the 40 

unimodal task) or of an object-picture and an environmental sound (in the crossmodal task). At test, 41 

they performed a cued-recall task, and further indicated the vividness of their memory. During 42 

retrieval, BOLD activation in the AnG was greatest for vividly remembered associates, consistent 43 

with the Subjectivity account. During encoding, the same effect of vividness was found, but this was 44 

further modulated by task: Greater activations were associated with subsequent recall in the 45 

crossmodal than the unimodal task. Thus, encoding data suggests an additional role to the AnG in 46 

cross-modal integration, consistent with its role at retrieval proposed by CoBRA. These results 47 

resolve some of the puzzles in the literature and indicate that the AnG can play different roles during 48 

encoding and retrieval, determined by the cognitive demands posed by different mnemonic tasks. 49 

 50 

51 
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 52 
Significance Statement 53 

We offer new insights into the multiplicity of processes that are associated with angular gyrus (AnG) 54 

activation during encoding and retrieval of newly formed memories. We used fMRI while human 55 

participants learned and subsequently recalled pairs of objects presented to the same sensory 56 

modality or to different modalities. We were able to show that the AnG is involved when vivid 57 

memories are created and retrieved, as well as when encoded information is integrated across 58 

different sensory modalities. These findings provide novel evidence for the contribution of the AnG 59 

to our subjective experience of remembering, alongside its role in integrative processes that 60 

promote subsequent memory. 61 

 62 

63 
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 64 
Introduction 65 

The ventral posterior parietal cortex (vPPC), and the angular gyrus (AnG) in particular, have 66 

been associated with numerous cognitive functions, including episodic memory. Although the vPPC 67 

is considered one of the most active regions during successful episodic retrieval (reviewed by 68 

Wagner et al., 2005; Vilberg & Rugg, 2008; Shimamura, 2011; Levy, 2012; Rugg & King, 2017; Sestieri 69 

et al., 2017), patients with lateral parietal lesions can often successfully retrieve episodic memories, 70 

and are not usually considered to be amnesic.  71 

Two main explanations have been proposed to account for AnG activation during episodic 72 

retrieval. The first derives from findings of fewer ‘remember’ responses, fewer high-confidence 73 

responses, and lack of richness, vividness and specificity of retrieved episodic events in patients with 74 

parietal lesions (Berryhill et al., 2007; Simons et al., 2010; Hower et al., 2014). Under this account 75 

(Yazar et al., 2012), vPPC involvement is viewed in terms of subjective mnemonic abilities, with the 76 

AnG involved in one’s own experience of episodic memory retrieval, rather than in objective 77 

memory performance as expressed in response accuracy. This “Subjectivity account” has been 78 

further supported by several studies with healthy individuals (Qin et al., 2011; Yazar et al., 2014; 79 

Richter et al., 2016). 80 

The second account is the “Cortical Binding of Relational Activity” (CoBRA) theory 81 

(Shimamura, 2011), which suggests that during retrieval, the vPPC (including the AnG) acts as a 82 

convergence zone that becomes increasingly involved after initial encoding in order to bind together 83 

episodic features that are represented in disparate neocortical regions. This account builds on 84 

anatomical features of the vPPC—its central location and connections to many neocortical regions 85 

(Seghier, 2013)—making it well situated for binding episodic memories by establishing intermodal 86 

links across diverse event features. CoBRA critically predicts that tasks that demand the 87 

reinstatement of intermodal features, such as voices with faces, will depend more on the vPPC than 88 
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tasks that depend on within-modality associations. This account has received support from several 89 

studies (Bonnici et al., 2016; Yazar et al., 2017), but other examinations of CoBRA were inconclusive, 90 

with multimodal integration deficits found in parietal lesion patients (Ben-Zvi et al., 2015), but no 91 

multimodal vs. unimodal associative memory effects on parietal scalp ERPs recorded in healthy 92 

volunteers (Tibon & Levy, 2014). 93 

Even though theoretically these two accounts are distinct, in practice they are not easily 94 

dissociated, as the multisensory features comprising episodic representations enable us to 95 

experience the rich and vivid details that characterise remembering. To tease apart these accounts, 96 

we utilised a pair-associate learning paradigm, based on our prior work (Tibon & Levy, 2014; Ben-Zvi 97 

et al., 2015). fMRI of healthy volunteers was employed during two learning tasks. In the unimodal 98 

task, stimulus pairs were two semantically-unrelated object-pictures, and in the crossmodal task, 99 

stimulus pairs were an object-picture and a nameable but unrelated sound. At study, participants 100 

created a mental image of the two stimuli. At test, an object-picture was presented as the cue, and 101 

participants recalled the associated target from study, either another picture or a sound, and 102 

indicated the vividness of their memory. Thus, crossmodal “events” involved different modalities for 103 

separate objects, rather than multimodal representations of the same object. Therefore, even 104 

though these events are multimodal, they are not necessarily more vivid.  105 

To test the retrieval-focused predictions of CoBRA and the Subjectivity accounts, we 106 

examined BOLD activation during test. The CoBRA account predicts greater parietal activity 107 

associated with objective retrieval (the difference between recall success and failure trials) in the 108 

crossmodal than the unimodal task, regardless the vividness of retrieved memories. The Subjectivity 109 

account, on the other hand, predicts a linear pattern of activity—vivid recall > non-vivid recall > 110 

recall failure—that is independent of modality. In addition, as some previous findings from patients’ 111 

studies might be due to encoding rather than retrieval deficits, we also examined memory effects 112 

from the study phase. Finally, given recent claims regarding AnG laterality effects (Bellana et al., 113 
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2016), we examined whether the left and right AnG display different memory-related activation 114 

patterns.       115 

Methods 116 

Participants  117 

Twenty-four adults participated in the experiment (20 females, mean age = 25.83, SD = 4.02) 118 

and were reimbursed for their time. One participant who was not fully scanned due to a problem 119 

with the equipment, and two participants, who did not provide any responses in one of the 120 

experimental conditions (one with no success responses and another with no non-vivid responses), 121 

were excluded, leaving 21 participants (18 females) whose data were analysed. Participants were 122 

recruited from the volunteer panel of the MRC Cognition and Brain Science Unit in Cambridge, UK. 123 

All were fluent English speakers, MR-compatible, had normal hearing and normal or corrected-to-124 

normal vision, and were never diagnosed with ADHD, dyslexia or any other developmental or 125 

learning disabilities. They provided informed consent for a protocol approved by a local ethics 126 

committee (Cambridge Psychological Research Ethics Committee reference PRE2016.055). 127 

 128 

Materials 129 

The materials for the experiment were previously used by Tibon & Levy (2014), although 130 

some (~10%) were replaced to improve stimulus quality. Replaced stimuli were verified as 131 

recognisable by 6 pilot participants, who did not take part in the main study. Auditory stimuli were 132 

120 environmental sounds (such as animal sounds, tools, vehicles, etc.) downloaded from various 133 

internet sources, and edited using Audacity audio editing software, at 44 kHz, 16- bit resolution, 134 

mono mode. They were all adjusted to the same amplitude level and edited to last 2 seconds. 135 

Twelve additional sounds were used for practice trials and examples. Visual stimuli were 360 colour 136 

drawings of common objects obtained from various internet sources, including fruits and vegetables, 137 
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tools, sporting goods, electrical and electronic devices, animals, food, vehicles, body parts, furniture, 138 

and clothing, each approximately 6–8 cm in on-screen size.  139 

To form the various experimental conditions, several stimulus lists were created. Two lists of 140 

120 pictures served as cue lists for recollection. Two additional lists served as target lists, one 141 

containing 120 pictures and the other containing 120 sounds. Each entry in the cue lists was 142 

pseudorandomly assigned to an entry in the target lists, so that all stimulus-pairs were semantically 143 

unrelated. While, unavoidably, the target lists (one list of pictures and another of sounds) remained 144 

fixed for the crossmodal and unimodal conditions, two experimental lists were created to 145 

counterbalance the cues across participants: half the participants viewed the cues from the first cue 146 

list with the auditory target and the cues from the second cue list with the visual target, and vice 147 

versa for the other half. Each experimental list was further divided into three sub-lists, to allow 1/3 148 

of the stimuli to be presented three times (the other 2/3 presented only once, see more details 149 

below), with the sub-lists used to counter-balance the repeated stimuli across participants.   150 

 151 

Procedure  152 

The paradigm used in the experiment is illustrated in Figure 1. The experiment consisted of 153 

two tasks, which took place on different days (mean days apart = 7.14, SD = 4.8). One was the 154 

crossmodal pair-associate learning and cued recall task, and the other was the unimodal pair-155 

associate learning and cued recall task. Task order was counter-balanced across participants. On 156 

arrival at the lab, participants were seated in a quiet room, where they signed an informed consent 157 

form and performed the unscanned part of the relevant task. Participants were told that they would 158 

be presented with pairs of stimuli (sound-picture pairs in the crossmodal task and picture-picture 159 

pairs in the unimodal task), and were instructed to study those pairs for subsequent retrieval by 160 

forming an association between the stimuli. They were told that after 40 pairs had been presented, a 161 
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test phase would follow, in which cue pictures alone would be presented. They would then need to 162 

recall and say the name of the paired object portrayed in the picture (in the unimodal task) or of the 163 

paired sound/object making the sound (in the crossmodal task) that had accompanied that cue. 164 

Following these instructions, a headset with a microphone was provided, together with a practice 165 

block of 5 trials. During practice, the experimenter ascertained that the participant understood the 166 

nature of the associations that were to be generated for the stimulus pairs. After completion of the 167 

practice block, participants were told that the unscanned part of the task would be repeated twice, 168 

with the same 40 pairs. They were further informed that following the unscanned part, they would 169 

be asked to perform the same task in the fMRI scanner, but for 120 pairs: 40 pairs that had just been 170 

studied and recalled at the unscanned part, and 80 new pairs. We used this two-staged procedure, 171 

where 1/3 of the stimuli are repeated thrice (twice in the unscanned part and once in the scanned 172 

part) while 2/3 of the stimuli are only shown once (in the scanned part), in order to keep our 173 

procedure as close as possible to that of Ben-Zvi et al. (2015), in which all stimuli were repeated 174 

several times, while also allowing enough recall failure trials for our contrasts of interest (pilots 175 

indicated that performance would be at ceiling if all trials were repeated more than once). 176 

During the unscanned part of the task, participants viewed two (identical) study-test blocks 177 

of 40 stimulus pairs each. Each study trial started with a fixation cross, displayed for an exposure 178 

time jittered across a range of 1-4 s. Stimulus pairs were then presented for 2 s, followed by a 7 s 179 

fixation cross. Participants were instructed to use this time to generate an association. Next, a 180 

screen with the text “Easy/Hard?” was shown for 2 s. During this time, participants were asked to 181 

press a green key if they found it easy to come up with an association, or a red key if they found it 182 

difficult. The right index and middle fingers were used for these keypresses, and finger assignment 183 

was counterbalanced across participants. 184 

After all 40 study trials had been presented, the test phase started. Test trials also started 185 

with a 1-4 s jittered display time fixation cross. The cue picture was then presented alone for 2 s, 186 
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followed by a 6 s fixation cross. Next, a slide with the text “Pair associate?” was shown for 3 s, and 187 

participants were asked to provide their verbal response while the slide was presented. They were 188 

encouraged to formulate their response while the fixation cross was presented, so that once the 189 

“Pair associate?” slide appeared they could provide their answer immediately. They were further 190 

told that if they could not recall the target object, they should not try to guess. Instead, they should 191 

say “pass” when the “Pair associate?” slide was displayed. Finally, a slide with the legend “Vivid?” 192 

appeared for 2 s, and participants were asked to press a green key if their memory was vivid, or a 193 

red key if it was not. Finger assignment was counterbalanced across participants, and matched the 194 

assignment during the study phase (such that the same green key was used for both “Easy” and 195 

“Vivid” responses, and the same red key was used for both “Hard” and “Not vivid” responses). 196 

After completing the unscanned part, which included 2 study-test blocks, participants were 197 

provided with instructions for the MRI scan. They were told that even though they would need to 198 

give verbal responses in the scanner, they should try to minimize head movements. They then 199 

performed the task in the MRI scanner, with one block of 120 pairs (40 pairs that were studied 200 

during the unscanned part intermixed with 80 new pairs). Finally, after the scan, participants 201 

returned to the lab where they performed a debriefing session. In this session, all target stimuli 202 

(either sounds in the crossmodal task, or pictures in the unimodal task) were displayed again, and 203 

participants were asked to type their names. The data from this session was used to subsequently 204 

eliminate (a negligible number of) trials, in which certain participants were unable to provide a name 205 

(even if inaccurate) for the sound / picture that was presented.  206 

 207 

fMRI Acquisition 208 

The same acquisition and pre-processing protocol was used for both visits (one visit for the 209 

crossmodal task, and another for the unimodal task). MRI data were collected using a Siemens 3 T 210 
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TIM TRIO system (Siemens, Erlangen, Germany). Structural images were acquired with a T1-211 

weighted 3D Magnetization Prepared RApid Gradient Echo (MPRAGE) sequence [repetition time (TR) 212 

= 2250 ms; echo time (TE) = 3.02 ms; inversion time (TI) = 900 ms; 230 Hz per pixel; flip angle = 9°; 213 

field of view (FOV) 256 x 256 x 192 mm; GRAPPA acceleration factor 2]. Functional images were 214 

acquired using an echoplanar imaging (EPI) sequence with multi-band (factor = 4) acquisition. 215 

Volumes were acquired over 2 runs, one for the study phase (mean number of volumes = 1095.5, SD 216 

= 11.1) and one for the test phase (M = 1263, SD = 6.8). Each volume contained 76 slices (acquired in 217 

interleaved order within each excitation band), with a slice thickness of 2 mm and no interslice gap 218 

(TR = 1448 ms; TE = 33.4 ms; flip angle = 74°; FOV = 192 mm × 192 mm; voxel-size = 2 mm × 2 mm × 219 

2 mm). Field maps for EPI distortion correction were also collected (TR = 541 ms; TE = 4.92 ms; flip 220 

angle = 60°; FOV = 192  × 192 mm). 221 

 222 

Data Pre-processing 223 

Data were pre-processed using SPM12 (www.fil.ion.ucl.ac.uk/spm), automated in Matlab 224 

(v8.0.0.783 R2012b, The MathWorks) with Automatic Analysis (AA) 5.0 (Cusack, Vicente-225 

Grabovetsky, Mitchell, Wild, Auer, Linke, & Peelle, 2015; 226 

https://github.com/rhodricusack/automaticanalysis). T1 anatomical images, for each participant in 227 

each visit, were coregistered to the Montreal Neurological Institute (MNI) template using rigid-body 228 

transformation, bias-corrected, and segmented by tissue class. Diffeomorphic registration was then 229 

applied across participants, separately for each visit, to the grey matter to create a group template 230 

using DARTEL (Ashburner, 2007), which was, in turn, affine-transformed to MNI space. EPI 231 

distortions in the functional images were corrected using field maps. Next, the images were 232 

corrected for motion and then for slice acquisition times by interpolating to the 26th slice in time. 233 

The images were rigid-body co-registered to the corresponding T1 image and transformed to MNI 234 
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space using the diffeomorphic + affine transformations. These normalised images were then 235 

smoothed by 6mm FWHM.  236 

 237 

 238 

Experimental Design and Statistical Analysis 239 

Trial Classification. Study and test trials were classified into three response types of interest, 240 

based on subsequent response to that trial (for the study phase, to allow examination of subsequent 241 

memory effects) or actual response (for the test phase, to allow examination of recall success 242 

effects): (1) vivid: trials with correctly recalled targets, marked as “vivid”; (2) non-vivid: correctly 243 

recalled targets, classified as “non-vivid”; (3) failure: all trials with a “pass” response. Finally, trials 244 

were classified according to repetition (i.e., whether or not they were shown in the unscanned part 245 

of the task): (1) repeated: trials with correctly recalled targets, which were also shown during the 246 

unscanned part; (2) non-repeated: trials with correctly recalled targets, which were shown for the 247 

first time during the scanned part; (3) failure: all trials with a “pass” response. 248 

The trials classification was corroborated by data obtained in the debriefing session. In cases 249 

where the participants’ response did not match the name of the object, debriefing was used to 250 

determine the source of the mismatch. The first possible source of misidentification was that the 251 

participant erroneously identified the object during the study phase (e.g., an electrical buzz sounding 252 

like a buzzing bee), and then provided the same response at debriefing and test, but that response 253 

did not match the correct response. Importantly, in this case, although the object was misidentified, 254 

memory of the target stimuli was intact. We therefore classified the trial as a success trial (either 255 

“vivid” or “non-vivid”). The second possible source of a mismatch is memory failure, i.e., the 256 

participant failed to retrieve the target, and retrieved a different object instead, therefore providing 257 

a different response at debriefing and test. In this case, the trial was classified as a “false alarm”. 258 
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False alarm trials, trials in which no response was collected during the scanning session and trials in 259 

which the target was not named during the debriefing session, were marked as “excluded” (see fMRI 260 

acquisition).  261 

Behavioural Analyses. All statistical analyses were performed in R v3.4.1 and RStudio 262 

v1.0153. After classifying the trials according to their responses, we analysed the behavioural data 263 

from study and test. To test for task effects (differences between the unimodal and the crossmodal 264 

task) during the study phase, data were analysed using a paired-sample t-test, to compare encoding 265 

difficulty (calculated as % of pairs for which an “easy” response was recorded at encoding) between 266 

the unimodal and the crossmodal tasks. To test for memory effects at test, accuracy data (number of 267 

trials for which vivid, non-vivid and failure responses were obtained) were analysed with a repeated 268 

measures ANOVA, which included task (crossmodal, unimodal) and response type (vivid, non-vivid, 269 

failure) as within-subject factors, using the ez package (Lawrence, 2016). Whenever sphericity 270 

assumptions were violated, Greenhouse-Geisser corrected p-values are reported. Main effects and 271 

interactions were decomposed with Bonferroni corrected pairwise comparisons using the lsmeans 272 

package (Lenth, 2016). Degrees of freedoms were corrected using the Satterthwaite method, as 273 

implemented in the lmerTest package (Kuznetsova et al., 2017). 274 

ROI Analyses. To analyse ROI data, we used a mixed-models analysis, which accommodates 275 

both within- and between-subject variability. This approach is particularly recommended for 276 

unbalanced data (an unequal number of trials in each condition, Tibon & Levy, 2015), which we had 277 

here due to the post-hoc division of trials into vivid, non-vivid and failure trials (See Tibon et al., 278 

2014; Tibon & Levy, 2014a; Tibon & Levy, 2014b for a similar use of this approach). Importantly, 279 

rather than averaged estimates across participant/condition, the mixed-models employed here 280 

require estimation of the BOLD response for each trial.   281 

To get this estimation, we used a-priori ROIs in the AnG to extract timeseriers data. These 282 

ROIs were defined based on the coordinates of peak left AnG activation from a previous univariate 283 
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meta-analysis of episodic memory by Vilberg and Rugg (2008; [-43, -66, 38]), and its homologous 284 

location in the right hemisphere [43, -66, 38]. These coordinates were also used more recently in a 285 

study by Bonnici et al. (2016). For each participant, we extracted timeseries data from these ROIs by 286 

taking the first eigenvariate across voxels within a 6mm-radius sphere centred on these coordinates, 287 

and removing effects of no interest, such as those captured the motion regressors (see whole-brain 288 

univariate analysis below). The first eigenvariate captures the dominant timeseries across voxels in 289 

an ROI, without assuming that all voxels express that timeseries equally (as assumed when simply 290 

averaging across voxels within an ROI). 291 

To estimate the BOLD response for each trial in the extracted timeseries (separately for 292 

study and test) we used the Least Squares Separate (LSS-N) approach (Mumford et al., 2012; 293 

Abdulrahman & Henson, 2016), where N is the number of conditions. LSS-N fits a separate General 294 

Linear Model (GLM) for each trial, with one regressor for the trial of interest, and one regressor for 295 

all other trials of each condition. This implements a form of temporal smoothness regularisation on 296 

the parameter estimation (Abdulrahman & Henson, 2016). The regressors were created by 297 

convolving a delta function at the onset of each stimulus with a canonical HRF. The parameters for 298 

the regressor of interest for the ROI were then estimated using ordinary least squares, and the 299 

whole process repeated for each separate trial. 300 

The resulting Betas were submitted to a linear mixed-model. The model included phase 301 

(study, test), task (crossmodal, unimodal), response type (vivid, non-vivid, failure), laterality (left, 302 

right) and all possible interactions between these factors as the fixed part of the model, and subject-303 

specific slopes for each factor (see discussion by Barr et al., 2013 and Bates et al., 2018 on 304 

estimation and convergence problems of the maximal random effects model), plus a subject-specific 305 

intercept, as the random part of the model. We fitted the model using restricted maximum 306 

likelihood in R package lme4 (Kuznetsova et al., 2014) with the following formula (‘*’ indicates all 307 

possible interactions, and ‘(…|x)’ indicates random effects): 308 
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betas ~ phase * task * response type * laterality + (1 + phase + task + response type + 309 

laterality | subject)      310 

To test the predictions of the CoBRA and the Subjective accounts, we set two pre-defined contrasts, 311 

which we applied separately for each phase using the phia R package (De Rosario-Martinez, 2015). 312 

The first contrast was set to test CoBRA’s prediction of a greater objective recall success effect 313 

(success [collapsed across vividness] – failure) for crossmodal than for unimodal memories. The 314 

second contrast was set to test the prediction of the Subjectivity account of a linear pattern that is 315 

independent of modality (vivid > non-vivid > failure). Reported results are Bonferroni-corrected for 316 

two multiple comparisons (across study and test).   317 

Whole-brain Univariate Analyses. We further conducted whole-brain analyses to ensure 318 

that we replicated the basic encoding and retrieval mnemonic effects found in previous studies. 319 

SPM12 and AA were used to construct General Linear Models (GLMs) for each participant, 320 

separately for each run (study, test) and for each task (crossmodal, unimodal; which took place at 321 

different visits). These first-level GLMs included 3 separate regressors for each response type of 322 

interest (vivid, non-vivid, failure) and a regressor for excluded responses (either false alarms or 323 

unnameable targets, see above). These regressors were modelled at the onset of stimulus 324 

presentation. For the study run, the GLM further included a regressor for the motor response to the 325 

“Easy/Hard” slide (locked to the motor response). For the test run, the GLM further included a 326 

regressor for the motor response to the “Vivid?” slide (locked to the motor response) and a 327 

regressor for the verbal response (at the onset of the “Pair-associate?” slide). Each of these 328 

regressors was generated with a delta function convolved with a canonical hemodynamic response 329 

function (HRF). Six subject-specific movement parameters were also included to capture residual 330 

movement-related artefacts. The GLM was fit to the data in each voxel. The autocorrelation of the 331 

error was estimated using an AR(1)-plus-white-noise model, together with a set of cosines that 332 

functioned to high-pass the model and data to 1/128 Hz (implemented to detrend the BOLD signal, 333 
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and to correct physiological noises), fit using Restricted Maximum Likelihood (ReML). The estimated 334 

error autocorrelation was then used to “pre-whiten” the model and data, and ordinary least squares 335 

used to estimate the model parameters.  336 

The images for the parameter estimates for each of the three response types for each task 337 

and each phase were then entered into second-level GLM corresponding to a repeated-measures 338 

ANOVA, which treated subject as a random effect, and with phase (study, test), task (unimodal, 339 

crossmodal) and response type (vivid, non-vivid, failure) as repeated factors. SPMs were created of 340 

the T-statistic for the “recall success” contrast of interest (success [vivid + non-vivid] – failure) at 341 

study and test. The statistical threshold was set to p < .05 (FWE corrected for multiple comparisons 342 

across the whole brain) at the cluster-level, when the voxel-level was thresholded at p < .0001 343 

(uncorrected). 344 

 345 

Results 346 

Behavioural results 347 

Study Phase. A paired-sample t-test revealed a significant difference in task difficulty during 348 

study, t(20) = 3.63, p = .0017, CI [.03 .13], with greater proportion of easily formed associations in 349 

the unimodal task (M = .69, SD = .19) than in the crossmodal task (M = .61, SD = .23). This difference 350 

was accounted for in our subsequent ROI analyses (see below). 351 

Test Phase. The number of responses for each response type in the crossmodal and 352 

unimodal tasks are shown in Figure 2. Analysis of these data showed a significant main effect of task, 353 

F(1, 20) = 31.89, p < .0001, Ƞ²G = .01, a significant main effect of response type, F(2, 40) = 46.48, p < 354 

.0001, Ƞ²G = .65, and a significant interaction between these factors, F(2, 40) = 5.11, p = .01, Ƞ²G = 355 

.04. Bonferroni corrected pairwise comparisons showed greater number of vivid responses in the 356 

unimodal than in the crossmodal task, t(42.67) = 4.05, p = .0002, but no difference between the 357 



ANGULAR GYRUS IN EPISODIC MEMORY   15 
 

 15 

tasks in the amount of non-vivid or failure responses. These results support our expectation that, 358 

when different modalities are associated with separate objects within the event, rather than with 359 

the same object, crossmodal events are not necessarily remembered more vividly than unimodal 360 

events. 361 

ROI Mixed-Effects Analyses. For the main hypotheses under investigation, we focused on 362 

left and right AnG ROIs, defined a priori from independent data. Figure 3 depicts contrasts of the 363 

Beta values, according to our a priori contrasts of interest, averaged across left and right AnG; Table 364 

1 shows the Betas for each condition and each ROI separately.  365 

The estimated model showed a significant main effect of response type, χ²(2) = 64.2, p < 366 

.0001, a significant interaction between phase and response type, χ²(2) = 18.1, p = .0001, a 367 

significant interaction between phase and laterality, χ²(1) = 21.33, p < .0001, a significant interaction 368 

between task and laterality, χ²(1) = 8.14, p = .004, and a significant 3-way interaction between phase, 369 

task, and response type, χ²(2) = 11.27, p = .004. Because laterality did not interact with response 370 

type, χ²(2) = 1.76, p = .42, we collapsed across this factor when computing our planned comparisons.  371 

The first planned comparison confirmed a greater recall success effect for crossmodal than 372 

unimodal memories during the study phase, χ²(1) = 8.77, p = .006, but not during the test phase, 373 

χ²(1) = 0.19, p = 1. The second planned comparison confirmed a linear trend, whereby vivid > non-374 

vivid > fail, during both study, χ²(1) = 29.14, p < .0001, and test, χ²(1) = 72.07, p < .0001.     375 

 376 

Table 1. Adjusted mean Beta values in the left and right AnG during study and test for each response type (failure, non-
vivid, vivid) in each task (crossmodal, unimodal). SEs calculated for each condition separately, are given in parentheses. 
 Left AnG Right AnG 

 Failure Non-vivid Vivid Failure Non-vivid Vivid 
Study       

Crossmodal -0.043 
(0.007) 

-0.028 
(0.006) 

-0.019 
(0.004) 

-0.037 
(0.006) 

-0.024 
(0.006) 

-0.014 
(0.004) 

Unimodal -0.033 
(0.008) 

-0.034 
(0.007) 

-0.022 
(0.006) 

-0.023 
(0.007) 

-0.018 
(0.007) 

-0.009 
(0.004) 
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Test       

Crossmodal -0.036 
(0.007) 

-0.014 
(0.007) 

-0.01 
(0.005) 

-0.035 
(0.007) 

-0.032 
(0.007) 

-0.01 
(0.005) 

Unimodal -0.037 
 (0.008) 

-0.026 
(0.007) 

-0.008 
(0.006) 

-0.038 
(0.008) 

-0.025 
(0.007) 

-0.005 
(0.005) 

 377 

The following analyses reported in this section were conducted to further explore these 378 

results and to rule out alternative explanations. First, we examined whether these results are also 379 

observable in the broader AnG, beyond the 6mm sphere based on the functional activation of 380 

Vilberg and Rugg (2008). To this end, we repeated the analysis on a larger, anatomical ROI from the 381 

Anatomical Automatic Labelling (AAL) atlas. This analysis revealed the same pattern as before: a 382 

significant 3-way interaction between phase, task, and response type, χ²(2) = 10.65, p = .005, 383 

coupled with a greater recall success effect for crossmodal vs. unimodal pairs at study, χ²(1) = 5.19, p 384 

= .045, but not at test, χ²(1) = 0.34, p = 1, and a linear trend during both study, χ²(1) = 35.98, p < .001, 385 

and test,  χ²(1) = 102.28, p < .001.   386 

Second, to ensure that the interaction between modality and response type at study cannot 387 

be explained by difficulty in forming associations (as our behavioural analysis indicated greater 388 

difficulty in the crossmodal vs. the unimodal task), we ran an additional analysis, which included the 389 

difficulty rating provided for each trial during study as a covariate in our model. Despite the addition 390 

of the covariate, the three-way interaction remained significant, χ²(2) = 11.28, p = .004, and the 391 

same pattern as before was confirmed by our planned comparisons, i.e., a greater recall success 392 

effect for crossmodal than unimodal memories at study phase, χ²(1) = 8.22, p = .008, but not at test, 393 

χ²(1) = 0.58, p = 09, as well as a linear trend during both study, χ²(1) = 25.46, p < .0001, and test, χ²(1) 394 

= 65.28, p < .0001.    395 

Third, as was mentioned before, in the current experiment some of the trials were repeated 396 

several times, while others were only shown once. This was done in order to keep the procedure 397 

similar to that of Ben-Zvi et al. (2015), while also allowing for a sufficient number of failure trials. 398 
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This particular design raises the possibility that the reported effects are driven by repetition, rather 399 

than by the proposed cognitive processes (i.e., multimodal integration and vividness). To address 400 

this potential confound, we ran the model again after excluding trials that were also shown during 401 

the unscanned part of the task, thus limiting our analysis to the 2/3 of the trials that were only 402 

presented once. Importantly, this analysis confirmed our previous results: the three-way interaction 403 

remained significant, χ²(2) = 9.36, p = .009, a greater recall success effect for crossmodal than 404 

unimodal memories was observed at the study phase, χ²(1) = 8.24, p = .008, but not at test, χ²(1) = 405 

0.12, p = 1, and a linear trend was observed during both study, χ²(1) = 12.58, p < .001, and test, χ²(1) 406 

= 67.45, p < .0001. This indicates that repetition cannot account for the effects observed in the 407 

current study. 408 

Finally, the repetition embedded in current design provides an opportunity to explore 409 

repetition effects in the AnG, thus tapping into CoBRA’s suggestion of greater vPPC involvement in 410 

episodic binding with the passage of time. One drawback of our design in addressing this issue is that 411 

repetition and vividness are highly correlated (inevitably, memory for repeated stimuli tends to be 412 

more vivid than memory for stimuli that were only experienced once). Nevertheless, we still sought 413 

to examine whether there are any residual repetition effects that cannot be explained by vividness. 414 

Given that the first study episode of repeated items occurred earlier than the first study episode of 415 

non-repeated ones, then according to the view that consolidation can begin immediately following 416 

initial encoding (e.g., Liu, Grady & Moscovitch, 2018), CoBRA would predict greater AnG activation 417 

for repeated vs. non-repeated items. To explore this potential effect, we added a “repetition” factor 418 

to our model, and ran a model with repetition (non-repeated, repeated), response type (vivid, non-419 

vivid), phase (study, test), task (crossmodal, unimodal), laterality (left, right), and all possible 420 

interactions between these factors as the fixed part of the model, and with subject-specific intercept 421 

and slope for each factor as the random part of the model (because “failure” trials overlap for the 422 

“vividness” and the “repetition” factor, these trials had to be excluded in order to achieve model 423 

convergence). In general, as predicted by CoBRA, repeated trials were associated with greater AnG 424 
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activation than non-repeated trials, χ²(1) = 34.15, p < .0001. However, the repetition effect 425 

interacted with other factors in our design, including a 3-way interaction between phase, repetition 426 

and lateralization, χ²(1) = 10.51, p = .001, and a 4-way interaction between repetition, response type, 427 

phase and task, χ²(1) = 5.03, p = .024. Given that the latter interaction is of theoretical interest, a 428 

contrast of repeated versus non-repeated trials was explored separately for each response type, 429 

phase and task. During study, this revealed a significant repetition effect for non-vivid and vivid 430 

crossmodal memories (χ²(1) = 11.99, p = .004; χ²(1) = 20.5, p < .0001, respectively) and for vivid 431 

unimodal memories (χ²(1) = 43.6, p <  .0001). During test, this analysis revealed a significant 432 

repetition effect for non-vivid and vivid unimodal memories (χ²(1) = 20.01, p < .0001; χ²(1) = 9.87, p = 433 

.013, respectively).        434 

Whole-brain Univariate Analyses. Looking beyond the AnG, to confirm that our paradigm 435 

replicated the typical engagement of regions across the brain during episodic memory encoding and 436 

retrieval, we conducted a whole-brain analysis (results are shown in Figure 4). We examined the 437 

activation to successful memory trials (collapsed across vividness), relative to failure trials, at both 438 

study and test. For both phases, this contrast yielded increased BOLD response in multiple brain 439 

regions that have previously been linked with episodic memory (see Table 2 for full results). 440 

Table 2. Regions of increased BOLD activation during study and test in the recall success contrast of interest. 
Lat Region Peak x,y,z Cluster size T value 
Study 
R Precuneus 6, -68, 46 1242 6.19 
R Angular gyrus 44, -54, 54 515 5.01 
R Middle temporal gyrus 66, -24, -8 80 5.02 
R Middle cingulate gyrus 4, -18, 30 214 4.87 
R Middle frontal gyrus 32, 66, 2 225 4.52 
L Angular gyrus -38, -62, 42 955 5.9 
L Middle temporal gyrus -64, -38, -8 348 5.63 
L Middle frontal gyrus -30, 58, 0 216 4.65 
Test 
R Cerebellum 38, -56, -38 1376 7.13 
R Angular gyrus 42, -50, 20 1648 5.62 
R Superior frontal gyrus 22, 30, 48 482 5.19 
R Caudate 16, 2, 26 172 5.1 
R Postcentral gyrus 50, -10, 26 247 5.05 
R Hippocampus 28, -34, -4 74 4.99 
R Middle frontal gyrus 58, -40, -14 98 4.7 
L Supramarginal gyrus a -50, -40, 42 5356 7.9 
L Angular gyrus -50, -62, 32   
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L Superior frontal gyrus -20, 26, 56 5047 7.76 
L Precuneus -6, -52, 30 4494 7.69 
L Inferior frontal gyrus -54, 12, 8 1882 6.96 
L Hippocampus -26, -28, -10 321 6.57 
L Supplementary motor cortex -4, 2, 62 123 5.95 
L Putamen -12, 8, -12 135 5.88 
L Thalamus -8, -28, 8 84 5.04 
L Cerebellumb  -18, -64, -26 75 4.99 
L  -36, -74, -42 236 4.89 
All regions arising from the contrast of interest, at a threshold of p < 0.05 FWE cluster-level corrected, with voxel-level 441 
threshold at p < .0001 (uncorrected). Anatomical labels were provided by the Neuromorphometrics atlas, available via SPM 442 
(Neuromorphometrics, Inc. http://www.neuromorphometrics.com/).   443 
a Cluster included local maxima in the supramarginal gyrus and the angular gyrus. 444 
b Two local maxima were observed in the left cerebellum at test. 445 

 446 

 447 

Discussion 448 

The current study tested two dominant accounts of the activation in parietal cortex 449 

consistently found in neuroimaging studies of episodic memory—the CoBRA account and the 450 

Subjectivity account—and revealed a dissociation between encoding and retrieval of memory-451 

related activations in the angular gyrus (AnG). During retrieval, we found a linear trend as predicted 452 

by the Subjectivity account: BOLD activation was greatest for vividly remembered associates and 453 

least for associates that failed to be recalled. Contrary to the prediction of the CoBRA account 454 

however, which predicts greater activation when information from multiple modalities is reinstated 455 

at retrieval, the magnitude of the objective recall success effect did not differ between the unimodal 456 

and crossmodal tasks. During encoding, activation associated with subsequent memory showed the 457 

same linear pattern predicted by the Subjectivity account, but in addition, this pattern was now 458 

moderated by task, with greater activations associated with subsequent recall success in the 459 

crossmodal than unimodal task. Memory effects at encoding and retrieval did not interact with 460 

lateralisation, suggesting that, at least with the current task, the left and right AnG play a similar 461 

role. Taken together, these results support the Subjectivity account, but not the CoBRA account as 462 

currently specified, which implicates the involvement of the AnG in multimodal reinstatement - 463 
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specifically at retrieval; rather, in our current data, the involvement of AnG in multimodal processing 464 

was restricted to encoding.      465 

Our finding that AnG activity scales with ratings of vividness during retrieval is consistent 466 

with prior studies that have found AnG to be sensitive to qualitative characteristics of memory such 467 

as vividness, confidence, and precision (e.g., Kuhl & Chun, 2014; Yazar et al., 2014; Richter et al., 468 

2016), supporting the notion that the AnG is involved in the subjective experience of remembering. 469 

We show further here that the linear pattern associated with vivid remembering in the AnG also 470 

occurs at encoding, suggesting that it is also involved in the construction of representations that 471 

enable vivid subsequent memories. We note that this pattern of encoding-related activity, i.e., 472 

greater AnG activation for subsequently remembered vs. forgotten memories, is inconsistent with 473 

some previous studies (e.g., Daselaar et al., 2009; Lee et al., 2017), which reported negative 474 

subsequent memory effects in the AnG (that is, greater activation for subsequently forgotten vs. 475 

remembered memories). Nevertheless, an extensive meta-analysis (Uncapher & Wagner, 2009) 476 

indicated that both positive and negative subsequent memory effects are observed in the vPPC. 477 

Although a comprehensive explanation of this discrepancy is not yet available, prior literature point 478 

to two possible accounts for the positive subsequent memory effect found in the current study. 479 

First, Uncapher and Wagner (2009) suggest that retention interval is a crucial predictor of the 480 

directionality of subsequent memory effects in the vPPC, whereby positive effects are more often 481 

associated with relatively short retention times (< 45 minutes), which is consistent with our present 482 

findings. Second, Lee et al. (2017) speculate that positive subsequent memory effects would be 483 

observed in situations where the encoding of an item might benefit from retrieval and/or integration 484 

of related information (for example, when memory is measured via free recall, encoding an item as 485 

part of a broader context of temporally adjacent experiences would benefit subsequent retrieval). In 486 

the current study, participants were required to generate associations during encoding, thereby 487 

encoding the items into broader context, which might account for the positive subsequent memory 488 

effect that we have observed.      489 
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The dissociation we observe between encoding and retrieval potentially resolves a puzzle 490 

arising from our prior studies using a very similar paradigm, where we found that patients with 491 

parietal lesions did show a deficit in multimodal reinstatement (Ben-Zvi et al., 2015), prima facie 492 

supporting the CoBRA account, but we also failed to find any effect of multimodal reinstatement on 493 

parietal ERPs recorded during retrieval in healthy volunteers (Tibon & Levy, 2014), contrary to the 494 

CoBRA account. The lack of effects of multimodal reinstatement at retrieval in the present fMRI 495 

study agree with the prior ERP study, while the effect of multimodal processing that was found at 496 

encoding suggests that the deficit in patients might arise when they encode the paired-associates, 497 

rather than being a problem at retrieval. 498 

Our finding that AnG activation is not modulated by multimodal reinstatement during 499 

retrieval needs to be considered with respect to other findings. In particular, two previous studies 500 

have shown retrieval-related involvement of the AnG in tasks that require multimodal 501 

reinstatement. In the first study, Yazar et al. (2017) used continuous post-encoding theta burst 502 

transcranial magnetic stimulation to interrupt AnG functioning. Participants encoded objects which 503 

were presented both visually and auditorily, and were subsequently asked to retrieve unimodal 504 

sources (e.g., which side + which location) or crossmodal sources (e.g., which side + male or female 505 

voice) of the studied objects. Following stimulation, participants’ ability to retrieve information was 506 

reduced for crossmodal but not for unimodal sources. In the second study, by Bonnici et al. (2016), 507 

participants memorised audio clips, visual clips, and audio-visual clips, presenting different objects 508 

(e.g., a train). At test, they were given a verbal cue for the to-be-recalled clip (e.g., the word “train”), 509 

and were asked to recall the associated clip as vividly as possible. This study showed greater AnG 510 

activation when crossmodal than unimodal memories were retrieved, coupled with above chance 511 

classification accuracy of individual crossmodal (but not unimodal) memories in the AnG. This 512 

previous evidence of AnG involvement in multimodal retrieval effects suggest that although our 513 

current results seem to dissociate between encoding and retrieval of memory-related activations in 514 

AnG, a simple distinction between memory stages might be too simplistic. Instead, we suggest that 515 
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what determines AnG involvement is not the memory stage per-se (encoding vs. retrieval), but 516 

rather the specific combination of cognitive demands posed by the task. Hence, unlike CoBRA, which 517 

predicts AnG involvement whenever multimodal elements are reinstated, we suggest that such 518 

activation might be further constrained by other task characteristics, such as the type of information 519 

that is retrieved and the mnemonic cues that are provided (for example, it might be that AnG 520 

activation is only triggered when the retrieved item itself contains multimodal information, or when 521 

source/contextual information, rather than core item information, is being retrieved). This 522 

suggestion is in line with the component process model of memory (e.g., Moscovitch, 1992; 523 

Witherspoon & Moscovitch, 1989), which posits that numerous different processing components, 524 

associated with distinct brain regions, are recruited in various combinations by different memory 525 

tasks. Thus, different task demands would involve distinct process-specific alliances (that is, transient 526 

interactions between several brain regions, Cabeza & Moscovitch, 2013; Moscovitch et al., 2016). 527 

Notably, in accord with this view, even though some aspects of our results seem to be inconsistent 528 

with previous studies that used different tasks (Bonnici et al., 2016; Yazar et al., 2017), our findings 529 

do converge across the three studies that used the same paradigm (i.e., the current study, Ben-Zvi et 530 

al., 2015, and Tibon & Levy, 2014), where task demands were kept similar. Importantly, by 531 

elucidating the nature of process-specific alliances, future studies can provide a more decisive and 532 

fine-grained account of AnG involvement in multimodal processing.      533 

In addition to the main processes investigated here, our study offers some ancillary insights 534 

regarding repetition effects in the AnG. Greater activity for repeated versus non-repeated items was 535 

consistently observed during the study phase. This finding is consistent with CoBRA’s suggestion that 536 

vPPC involvement begins after initial encoding, and increases as time passes. One exception, where 537 

this repetition effect was not significant at study, was the case of non-vivid unimodal memories. We 538 

speculate that in this case, repeated trials (subsequently classified as non-vivid) were forgotten 539 

following their initial presentation, and therefore experienced as new during the scanned part of the 540 

task. This would make them more similar to non-repeated trials, and possibly eliminate the 541 
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repetition effect (why the same pattern was not observed in the crossmodal task is unclear, but 542 

might be related to a difference in the criterion set for trial classification as vivid or non-vivid in this 543 

task). During retrieval, repetition effects were observed in the unimodal task, but not in the 544 

crossmodal task. CoBRA suggests that vPPC acts as a way of offloading reliance on MTL bindings. The 545 

retrieval repetition effect might therefore indicate that responsibility for unimodal memories rapidly 546 

shifts from MTL to vPPC, whereas crossmodal memories require prolong MTL binding prior to vPPC 547 

involvement. Importantly, however, the exploration of repetition effects goes beyond the original 548 

purpose of our design, and therefore these suggested interpretations of repetition effects should be 549 

treated with caution. 550 

In the current study, unimodal associations were comprised of two visual stimuli, and 551 

crossmodal associations were comprised of a visual and an auditory stimulus. We chose these 552 

materials to allow simultaneous presentation of the stimuli (given that simultaneous processing of 553 

two auditory stimuli, for example, is perceptually challenging). However, this means that a limitation 554 

of the current study is that we cannot be certain that our conclusions generalise to other kinds of 555 

materials. It could be, for example, that the AnG is selectively involved in multimodal integration of 556 

audio-visual associations, but not in the integration of information deriving from other sensory 557 

modalities. While we have no reason to assume that audio-visual associations are unique in this 558 

sense, future studies can use a similar paradigm to test other forms of within- and between-modality 559 

combinations. Another potential limitation of the current study is the uneven distribution of female 560 

(n=18) and male (n=3) participants. Although we do not expect the mnemonic processes addressed 561 

in this study to differ between genders, generalisation of our findings to males should be done 562 

cautiously. 563 

In summary, the results of the current study show that the AnG is involved in multiple 564 

mnemonic processes, during both encoding and retrieval. They provide a straightforward answer to 565 

the puzzle arising from our previous findings (in Ben-Zvi et al., 2015 versus Tibon & Levy, 2014), by 566 
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suggesting that the AnG is involved in (at least) two memory-related processes: multimodal 567 

integration at encoding, and construction of representations that enable vivid recall, either during 568 

encoding or during retrieval. Based on current and prior evidence (Bonnici et al., 2016; Yazar et al., 569 

2017), it is plausible that the extent of AnG activation in mnemonic processes is determined by 570 

specific cognitive demands posed by the task (e.g., Moscovitch et al., 2016). Future studies might 571 

systematically manipulate such demands within the same experimental paradigm, and examine 572 

activation during encoding and retrieval, possibly using a more fine-grained vividness rating (see also 573 

Richter et al., 2017). Nonetheless, our current results provide an important step towards clarification 574 

of the complexities regarding AnG involvement in episodic memories.  575 
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Figure Captions 688 

Figure 1. Schematic illustration of the scanned part of the experimental paradigm. During the Study 689 

phase, participants generated an association between a picture and a sound (in the crossmodal task 690 

- left) or between two pictures (in the unimodal task – right), with different tasks on different days. 691 

There were 120 stimulus pairs in total, 80 seen for the first time in the Study phase (“non-692 

repeated”), and 40 seen twice before in a separate phase outside the scanner (“repeated”; see 693 

Methods). In the Test phase, a cue picture was presented, and participants recalled the associated 694 

sound (in the crossmodal task) or picture (in the unimodal task). Use of the same stimuli in both 695 

tasks is for illustrative purposes: in reality, each stimulus was only used in one task.     696 

Figure 2. Number of responses for each response type in the crossmodal task (dark grey) and the 697 

unimodal task (light grey). Error bars represent SEs for each condition separately (*** p < .001). 698 

Figure 3. Contrasts of Beta values of the fitted model, in the AnG (collapsed across left and right 699 

AnG). Each plot represents a planned contrast: the CoBRA account (left; greater recall success effect 700 

for crossmodal than unimodal) and the Subjectivity account (right; linear trend of vivid > non-vivid > 701 

fail) during study (top panel) and test (bottom panel). Error bars represent Satterthwaite 702 

approximation of the pooled SE, and were computed for each condition separately. ** p < .01; *** p 703 

< .005. 704 

Figure 4. Brain regions showing stronger BOLD response for successful vs. failure recall at study (left) 705 

and test (right). p < .05 FWE cluster-level corrected, with voxel-level threshold at p < .0001 706 

(uncorrected). Data are shown on sagittal, coronal, and axial slices of the group-averaged brain (n = 707 

21). 708 












