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Fig. 5 | Data from exploratory data-defined ROIs with n = 36 participants. 
a, Box plots (with outliers as point) of beta values for recall success trials 
(opaque) and recall failure trials (transparent), used for the univariate analyses. 
b, Similarity values for ‘same’ trials (opaque) and ‘different’ trials (transparent), 
used for the similarity analyses. In both a and b, data are shown for the episodic 
task (top, green) and semantic task (bottom, red), across 16 ROIs. ROIs are left 
angular gyrus (L_AnG), left hippocampus (L_Hipp), left inferior frontal gyrus 
(L_IFG), two regions within the left middle temporal gyrus (L_MTGa/b), left 

precuneus (L_PrC), left superior frontal gyrus (L_SFG), ventral diencephalon 
(VentDC), right angular gyrus (R_AnG), right hippocampus (R_Hipp), right 
middle frontal gyrus (R_MFG), two regions within the right middle temporal 
gyrus (R_MTGa/b), right precentral gyrus, which also includes parts of the middle 
frontal gyrus (R_PrG), and two regions within the right cerebellum (R_Cereb_a/b). 
The horizontal lines represent median values, and the upper and lower hinges 
correspond to the first and third quartiles, respectively.
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selection process ten times, such that multiple datasets with various 
matches between ‘same’ and ‘different’ trials were created. The analy-
ses were then repeated for each of these datasets in a priori-defined 
networks. To reduce computational demands, we ran these models 
with four chains, 4,000 iterations, and of these, 2,000 were warm-up 
iterations. We acknowledge the result of this reduction is reduced 
stability of the BFs that were estimated. The following BF01s were 
obtained with this analysis: 25.64, 7.14, 15.87, 7.69, 14.71, 30.30, 23.81, 
22.73, 8.33 and 29.41. Thus, the null hypothesis was favoured over the 
alternative in all iterations, and conclusive support was obtained in 
seven out of ten iterations.

Discussion
In this study, we aimed to distinguish activations and representations 
during retrieval of semantic versus episodic memories using closely 
matched tasks. First, we attempted to dissociate episodic and semantic 
processing by comparing mean activation for successful versus failed 
retrieval. Much prior work suggests that the brain regions that support 
successful episodic retrieval are distinct from those that support suc-
cessful semantic retrieval. Therefore, when contrasting successful ver-
sus failed retrieval, we predicted greater overall activation in episodic 
brain regions for the episodic task compared with the semantic task 
and vice versa for semantic brain regions. Our analysis of data obtained 
from a priori-defined episodic and semantic networks conclusively 
supported the null hypothesis of no difference between episodic and 
semantic recall in these brain regions. The analysis of data obtained 
from our preregistered data-defined clusters also favoured the null 
hypothesis, but evidence was not conclusive, whereas an exploratory 
analysis performed specifically within the ATL region showed evidence 
against specific involvement of this region in semantic versus episodic 
memory retrieval. Nevertheless, when using exploratory data-defined 
ROIs, following a revision of our preregistered threshold, conclusive 
evidence for the alternative hypothesis was obtained for 2 out of 120 
comparisons. In these comparisons, a greater recall success effect was 
observed in a region that includes parts of the right precentral gyrus 
and middle frontal gyrus (R_PrG) in the episodic task, but in regions 
within the left middle temporal gyrus (L_MTGb) and within the right 
cerebellum (R_cereb_a) in the semantic task, thereby providing some 
limited support for dissociable neural correlates of semantic and 
episodic memories.

We further attempted to dissociate episodic and semantic repre-
sentations by correlating activation patterns for different cues target-
ing the same versus different episodic/semantic memories instances. 
We argued that a multivoxel approach is potentially more sensitive than 
univariate comparisons of mean activation across voxels, as it might 
capture more subtle spatial differences between conditions. Therefore, 
we reasoned, such comparison of multivoxel patterns in these core 
systems can potentially capture differences in the representations 
of retrieved episodic versus semantic memories. Regions in which 
this effect is obtained are assumed to represent episodic/semantic 
information (though arguably might also support retrieval of that 
information, at least to some extent29). Prior theorizing suggests that 
the brain regions that hold episodic representations are distinct from 

those that hold semantic ones, and we therefore predicted greater 
similarity in episodic brain regions for the episodic task and greater 
similarity in semantic brain regions for the semantic task. Our analysis 
of data obtained from a priori-defined networks revealed conclusive 
support for the null hypothesis, and analysis of data obtained from 
data-driven clusters showed inconclusive support for the null. When 
using exploratory data-defined ROIs, evidence for the null hypothesis 
of no difference was obtained for most comparisons.

Taken together, our study shows very little evidence for distinct 
processing of and no evidence for (or evidence against) distinct 
representation of semantic and episodic memories. Although these 
results are aligned with other functional neuroimaging studies of 
healthy participants10, in which considerable overlap between brain 
regions involved in episodic and semantic processing was observed, 
they stand in contrast to decades-long evidence from neuropsycho-
logical studies, repeatedly supporting the proposed distinction. 
Importantly, neuropsychological studies do not only propose a dis-
tinction between episodic and semantic memories but also pinpoint 
this distinction to specific brain regions, namely the MTL and the ATL, 
believed to support episodic and semantic memory, respectively. This 
dissociation was not supported by the current neuroimaging study, 
despite what we believe is the most closely controlled comparison 
yet performed.

A region that did show more activation for episodic versus seman-
tic recall is the right PrG/MFG. This finding converges with previous 
studies showing activation in this region during episodic retrieval30–33. 
Notably, these previous studies further suggest that this activation is 
more likely to reflect strategic processes rather than retrieval per se. 
Indeed, activation in this region is also frequent during visual atten-
tion tasks, suggesting that it might play a role in attentional or other 
overarching processes rather than purely mnemonic ones30. One estab-
lished suggestion is that this region is involved in retrieval monitor-
ing, that is, the evaluation of the products of memory retrieval with 
respect to their relevance to the retrieval task31, and the utilization 
of that information to guide subsequent behaviour32. In a previous 
study33, the amount of retrieval monitoring was manipulated directly 
by contrasting recognition for words in a task that requires reference 
to the spatiotemporal context of words presented during a previous 
study episode (‘exclusion’ condition) with recognition of words in 
a task that does not require such reference (‘inclusion’ condition). 
The authors reasoned that old words in the exclusion condition that 
were studied in the inappropriate context require greater monitor-
ing, because successful recollection of the study context is necessary 
to overcome the sense of familiarity associated with old words. The 
study showed that this condition, in which greater monitoring require-
ments were imposed, was associated with greater activation in the 
right MFG. One possibility is that in the current study, the episodic 
task required additional monitoring compared to the semantic task. 
For example, it could be that some familiarity might have been expe-
rienced for semantic associations of logos in the episodic task, which 
therefore required overcoming potential semantic interference to 
successfully recall the episodic information, arguably posing greater 
monitoring requirements.

Fig. 6 | Results of univariate and similarity exploratory analyses, conducted 
for 16 data-defined ROIs. a, Univariate exploratory analyses. b, Similarity 
exploratory analyses. Each cell of the matrices represents the BF obtained for the 
three-way interaction (ROI × task × response type (for the univariate analyses); 
ROI × task × trial type (for the similarity analysis)), for each pair of ROIs. Results 
are shown for BF01 (top), for BF10 (that is, the inverse of BF01; middle) and for BF10 
after a correction for multiple comparisons was applied (see text; bottom). The 
colour scale, ranging from white to brown, indicates the value of the BFs. Note that 
values were capped at 20 to aid visualization. See Supplementary Tables 2 and 3 
for precise numbers. Comparisons that yielded conclusive support for H0 (BF01 > 
10) are highlighted with dark cyan, and those that yielded inconclusive support 

for H0 (BF01 > 1) are highlighted with light cyan. Similarly, comparisons that yielded 
conclusive support for H1 (BF10 > 10) are highlighted with dark coral, and those that 
yielded inconclusive support for H1 (BF10 > 1) are highlighted with light coral. ROIs 
are left angular gyrus (L_AnG), left hippocampus (L_Hipp), left inferior frontal 
gyrus (L_IFG), two regions within the left middle temporal gyrus (L_MTGa/b), 
left precuneus (L_PrC), left superior frontal gyrus (L_SFG), ventral diencephalon 
(VentDC), right angular gyrus (R_AnG), right hippocampus (R_Hipp), right middle 
frontal gyrus (R_MFG), two regions within the right middle temporal gyrus 
(R_MTGa/b), right precentral gyrus which also includes parts of the middle frontal 
gyrus (R_PrG) and two regions within the right cerebellum (R_Cereb_a/b).
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Other regions involved in the abovementioned interactions, which 
showed increased activation for semantic versus episodic recall, are the 
left MTG and a region within the right cerebellum. The MTG has been 
shown before to be involved in a range of tasks that require seman-
tic processing. For example, increased activation in this region was 

observed when conceptual-semantic processing (analysis of mean-
ing) was contrasted against lexical and phonological processing34, in 
the presence of semantic overlap between consecutive items (that is, 
a semantic enhancement effect)35, when processing person-related 
semantic knowledge of famous faces36 and in tasks that pose high 
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versus low semantic demands37. The right cerebellum was also impli-
cated in semantic processing in previous studies. In particular, the 
cerebellum was shown to be involved in semantic processing during 
reading38–40 and, recently, to also be causally involved in semantic 
memory41. Despite these compelling links with previous literature, it 
is important to note that without sufficient evidence for a crossover 
interaction, let alone a reversed association42, in which one region 
selectively prefers episodic processing and another semantic process-
ing, any strong conclusions regarding the dissociation between these 
processes is unwarranted. Given the exploratory nature of the current 
results, our overall conclusion is that, with the current study, we are 
unable to provide conclusive support for the distinction between 
episodic and semantic recall in healthy adults.

What might underlie this difficulty to observe the predicted dis-
tinction between episodic and semantic memories, which is indeed 
well established in the neuropsychological literature? One possibility 
is that in the healthy brain, both ‘episodic’ and ‘semantic’ locations 
are involved when information is recalled, be it episodic or semantic, 
even though the involvement of ‘semantic’ regions during episodic 
recall (or vice versa) is not essential. Although this notion is likely to 
be an accurate description of recall in everyday life, it is unlikely that it 
fully accounts for the overlap that was observed with the experimental 
paradigm used in our study. As explained in the Main, although episodic 
information might scaffold or facilitate semantic retrieval and vice 
versa, our design meant that such facilitation would not determine 
success unless some initial information from the probed process (that 
is, episodic information in the episodic task or semantic information 
in the semantic task) was obtained. It is possible, however, that even 
though the design does produce cognitive differences, the neural 
differences associated with them are not observable. For example, it 
might be that the neural differences associated with successful recall 
of episodic versus semantic memories are much more subtle than 
those associated with their facilitation or scaffolding and are there-
fore masked by the latter. If this is the case, the predicted differences 
might become observable when a similar paradigm is used with differ-
ent neuroimaging methods or protocols. For example, the proposed 
‘masking’ effect might be less pronounced if the temporal profiles of 
the retrieval processes are considered, for example, it might be that 
the temporal profile associated with successful recall is short-lived, 
whereas the profile associated with mnemonic scaffolding is more 
sustained. Therefore, differences between episodic and semantic 
processing might be more easily observed with methods that provide 
greater temporal resolution than fMRI, such as electroencephalogram 
or magnetoencephalography.

Another alternative is that episodic and semantic recall are only 
distinct under certain conditions or in certain populations. For exam-
ple, differences between healthy adults and patients might result from 
some level of reorganization or compensation that affects processing. 
Hence, it could be that a particular brain region (for example, the MTL) 
is ‘in charge’ of both semantic and episodic recall, but when the region 
becomes dysfunctional, other regions (for example, the ATL) are able 
to instead support some but not all of its functionality (in this case, 
semantic but not episodic memory). Although this possibility cannot 
be ruled out entirely, it was shown that, at least for Alzheimer’s disease, 
functional compensation increases activity within networks that are 
associated with task performance in healthy individuals (quantitative 
change in brain activation), rather than involves recruitment of brain 
regions that are normally unassociated with the task43. If this is the case, 
we would still expect to observe a dissociation in the healthy popula-
tion, though possibly to a lesser degree. Another factor that might 
contribute to the discrepancy between previous neuropsychologi-
cal studies and the current study is the characteristics of the current 
sample. In particular, in neuropsychological studies patients with 
Alzheimer’s disease and semantic dementia are often older compared 
with the younger healthy participants who were tested here. Possibly, 

longitudinal changes in the segregation of semantic and episodic 
memories mean that a dissociation can be observed in older but not 
younger adults. However, we believe that this explanation is unlikely 
for two reasons. First, in most neuropsychological studies, patients 
are compared with age-matched controls. Therefore, if increased 
segregation is solely due to ageing, then it should not be observed in 
neuropsychological studies either. Second, this notion implies that 
the episodic and semantic systems overlap during young adulthood 
and become more segregated with cognitive ageing. Nevertheless, 
previous research shows that brain networks are less functionally 
distinct in older versus younger adults during both task and rest24,44,45, 
suggesting that the opposite pattern is more likely: as people grow 
older their brain networks and cognitive functions become less rather 
than more segregated.

Our above attempts to explain the current null results all suggest 
that the distinction between semantic and episodic retrieval does exist, 
but might occur (or might be detected) under specific conditions. 
Nevertheless, an important possibility to consider is that episodic 
and semantic memories indeed involve the same neural mechanisms. 
This view might apply specifically to the retrieval phase, or it might 
broadly encompass declarative memory. If the former, then the dis-
sociations observed in neuropsychological studies might be attributed 
to distinct encoding or retention of episodic and semantic memories. 
For example, it could be that patients with Alzheimer’s disease are 
less able to encode novel associations compared with healthy con-
trols. This reduced ability to encode information will then also lead 
to reduced ability to retrieve information, but not because of difficul-
ties in retrieval per se, but because less to-be-retrieved information is 
available. Notably, however, in neuropsychological studies, it is often 
impossible to distinguish between different mnemonic stages, as 
data preceding the lesion/disease is usually unavailable for patients. 
Neuroimaging studies can more easily address this question of differ-
ent neural mechanisms during different mnemonic stages, although 
unfortunately, this distinction cannot be established in the current 
study. Namely, we only collected neuroimaging data during retrieval, 
and indeed, obtaining encoding data would have been impossible 
with the current design in which semantic knowledge is assumed to 
be attained over prolonged time periods. Given the current results, 
and the observed discrepancy between patients and neuroimaging 
studies, the field would benefit from future studies that are designed 
to explore this proposal, that is, that whereas encoding varies for 
episodic and semantic memories, their retrieval involves overlapping 
neural mechanisms.

As noted, however, a final possibility to consider is that the distinc-
tion between semantic and episodic memories is in fact outdated, or 
more nuanced than previously thought. As mentioned in the Main, 
previous neuroimaging studies have already highlighted more simi-
larities than differences when episodic and semantic memories were 
compared within the same design16–22. Recent theoretical perspectives 
and a growing body of empirical evidence further suggest alternative 
approaches to the episodic–semantic distinction. These approaches 
can be broadly referred to as continuum approaches, which view epi-
sodic and semantic memories as opposite ends of a continuum, and 
multidimensional approaches, which position memories in a multidi-
mensional space, allowing them to vary across a range of categorical 
or continuous dimensions10,46,47. A recent example for the latter is the 
multidimensional model of mental representations, which suggests 
that mental representations vary along continuous dimensions in how 
much they are temporally specific or general, perceptual or conceptual, 
and idiosyncratic or shared47. As such, this model arguably teases apart 
dimensions that are often confounded when the episodic–semantic dis-
tinction is considered. Two recent studies support such a refined view 
of episodic and semantic memories. In an fMRI study, brain activity was 
recorded while participants verified statements concerning general 
(semantic) facts, autobiographical facts, repeated events and unique 
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(episodic) events. Semantic and episodic memories involved shared 
neural correlates, but the degree of engagement of each region within 
this network varied across different memory types48. In another study, 
electrical brain stimulation was used to trigger a transient brain state 
in epileptic patients while neural activity was recorded by intracranial 
electroencephalogram. Such triggers often evoke sudden involuntary 
reminiscences that can vary in their degree of contextual dependency. 
The study provided some suggestive evidence of greater functional 
connectivity for more complex memories, with a decreasing gradient 
of complexity from episodic memories, to personal semantics and to 
familiar memories49. Similar to our current findings, these findings 
resonate better with theories that assume a continuum between dif-
ferent memory systems or with a multidimensional perspective of 
declarative memory where different memory types vary in magnitude 
of activation within a common network of brain regions, than with the 
traditional view that separates the systems apart.

It is worth noting that in many neuropsychological studies (as in 
most neuroimaging studies), the episodic and semantic tasks used to 
investigate their dissociation were not always closely matched. For 
example, in a study that showed profound episodic memory deficits but 
relatively intact semantic memory in patients with Alzheimer’s disease, 
the episodic measures included the logical memory subset from the 
Wechsler memory scale, a face-recognition memory test and the Rey 
complex figure test. Semantic measures, on the other hand, included 
a category fluency test, naming of line-drawn objects and response to 
a verbal description, semantic feature questions, picture sorting and 
word-picture naming4. Although the episodic and semantic tasks used 
in that study clearly differ in the cognitive processes that they are tap-
ping, they also differ in their procedures, their measures, their admin-
istration and potentially other aspects that are not directly related to 
the type of memory that they involve. Taken together with our current 
results, we suggest that although the distinction between the cognitive 
profiles of patients with Alzheimer’s disease and semantic dementia is 
well established in the neuropsychological literature3–5,7–9,50,51, its map-
ping into the conceptual distinction between episodic and semantic 
memory would benefit from further investigation using approaches 
that allow more direct comparison.

Before concluding, some caveats and limitations of the current 
study should be considered. First, despite our efforts to match the 
episodic and semantic tasks as much as possible, some differences 
remain. Specifically, while semantic associates were acquired in natu-
ral settings and over an extended time period, episodic associates 
were acquired in lab settings and over a limited time period (that is, 
during the experimental session). These potentially confounding 
differences might have been able to offer an alternative account for a 
distinction, if observed. Nevertheless, as the current study produced 
mainly null results, this potential confound does not undermine our 
key conclusion. If the task is to be used in future studies (for example, 
with magnetoencephalography, as suggested above), further optimi-
zation to avoid this issue should be considered. Furthermore, it could 
be that with our well-matched controlled tasks, we forced participants 
to engage in cognitive processes that are not natural and potentially 
differ from how semantic and episodic recall are achieved in ‘real life’ 
circumstances. Although this potential limitation should not be taken 
lightly, it can equally apply to most lab-based experiments and indeed 
inspires a recent shift towards studies of greater ecological validity. 
However, studies such as the current one, in which the main aim is to 
disentangle cognitive processes that are highly intertwined in natural 
circumstances, inevitably require some level of artificiality to permit 
sufficient control.

Another potential limitation is that our selection of data-driven 
locations was tuned to detect univariate effects: using a whole-brain 
univariate analysis, we selected regions in which the success effect in 
the two critical tasks (episodic and semantic) was greater than in the 
control task. Nevertheless, the same locations were also used for the 

similarity analyses, although for these analyses, they might have not 
been ideal. Theoretically, it is possible that episodic and semantic pro-
cessing and representation involve distinct regions, with our analysis 
optimized to detect the former but not the latter. Notably, due to the 
structure of the control task which only included one type of subblock, 
whole-brain similarity analysis that facilitates the control task was 
not possible, as this analysis requires the computation of similarity 
between probes across two subblocks. Nevertheless, the possibility 
remains that we were not able to detect any similarity effects with the 
current study due to this suboptimal selection of locations.

An additional limitation concerns the fMRI protocol selected for 
the study. Namely, while the multi-echo protocol used here crucially 
allowed us to recover ATL signal, it might have reduced our ability to 
detect hippocampal activation. A recent study compared the ability of 
different fMRI protocols to detect activation during a semantic task52. 
In their study, the number of echoes (single-echo time (TE 30 ms) ver-
sus multi-echo (TE 12, 25.85 and 38.70 ms)) and bands (single-band, 
multiband (2)) were manipulated independently to construct a 2 × 2 
factorial design in which the effects of multi-echoes and multibands 
can be estimated. A whole-brain analysis revealed greater magnitude 
and precision of activation in the hippocampus when single- versus 
multi-echo protocols were used. Nevertheless, a study that examined 
hippocampal activation during an episodic memory task showed clear 
hippocampal involvement in the task when multi-echo data were used 
(TE 12.5, 27.6 and 42.7 ms) together with Multi-Echo Independent Com-
ponent Analysis (ME-ICA), but not when single-echo data (TE 26.6 ms, 
albeit acquired within the same multi-echo protocol) were used53. This 
suggests that while the possibility of some reduced ability to detect 
hippocampal activation remains, the application of ME-ICA in our study 
was potentially helpful in balancing trade-offs between the ability to 
detect ATL versus hippocampal signals.

Finally, a potential limitation regards the statistical approach 
that was used to correct for multiple comparisons in our exploratory 
analyses. With Bayesian statistics, there is currently no wide agreement 
as to what approach (if at all) should be taken to reduce false positive 
rates due to multiple comparisons, and it is plausible that the correc-
tion that we have applied here was too strict. Further examination of 
the comparisons where BFs were conclusive before a correction was 
applied (that is, uncorrected BF10 > 10) showed that most of these 
involved the right PrG/MFG, in which a greater recall success effect 
is observed in the episodic task, and an additional ‘semantic’ region 
(L_MTGa/b, R_MTGb, L_IFG, L_SFG, R_cereb_a/b). As mentioned above 
the PrG/MFG often reflects retrieval monitoring rather than retrieval 
per se, and therefore, it is unclear whether these comparisons can 
provide strong evidence for the alternative hypothesis. Two additional 
comparisons, for which the uncorrected BF exceeded our predefined 
threshold revealed a greater recall success effect in the R_AnG and 
R_Hipp for episodic recall, but in L_MTGb and R_cereb_a for semantic 
recall. Notably, these two ‘episodic’ regions are closer to what one might 
expect from an episodic–semantic dissociation. Specifically, studies 
of neurological patients and functional neuroimaging in humans have 
implicated the hippocampus as a critical region for the formation and 
retrieval of episodic memories5,54–57. As for the angular gyrus, in the 
cluster that emerged in the current exploratory analysis, recall success 
effects in the critical versus control tasks covered locations within the 
right posterior AnG, typically observed in episodic recall tasks30,58–60, 
and particularly when episodic events are remembered vividly61. Of 
note, the cluster extended further into the right anterior AnG, into 
locations that are not typically associated with episodic recall. We 
explored further whether the greater recall success effect for episodic 
versus semantic memory in the right AnG does not reflect the different 
nature of the tasks (episodic versus semantic) but instead might be 
due to variations in vividness between the tasks. Although vividness 
ratings were not collected in the current study, a reasonable proxy is 
participants’ reports of whether they were able to retrieve few or many 
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associated details for each probe. An exploratory analysis did not show 
conclusive differences in ‘detailedness’ for episodic versus semantic 
memory. Thus, taken together, the possibility remains that the right 
hippocampus/AnG and the left MTG/right cerebellum are candidate 
ROIs in which the episodic–semantic distinction indeed exists and 
should be explored further in future research.

To conclude, despite employing tasks that are more closely 
matched than typically achieved, we were unable to offer decisive 
conclusions regarding the dissociability of episodic and semantic 
memories during their recall. These results, which are hard to reconcile 
with decades-long evidence from neuropsychological studies, call for 
further research using alternative approaches, as well as for further 
specification of the components of declarative memory in terms of 
their association with patients’ profiles and their neural underpinning 
at different mnemonic stages.

Methods
The methods used in this study carefully followed those that were 
registered with our Stage 1 report. Any deviations are summarized in 
the ‘Deviations from registered protocol’ section.

Ethics information
This study was approved by a local ethics committee (Cambridge 
Psychological Research Ethics Committee reference PRE.2020.018). 
Participants provided informed consent and were compensated for 
their time with £50.

Participants
The sample size for the study was determined using a Bayesian ‘sequen-
tial design with maximal n’62, where the maximal feasible number of 
participants, given time and funding, was n = 100. Using this approach, 
the experiment was due to run in batches with 40 participants in the 
first batch and 10 participants in each additional batch, calculating 
the BF in favour of our main hypotheses. Following simulations (fully 
detailed in Supplementary Analysis 1), the stopping criteria was set to 
be n = 100, or BF10 > 10, or BF01 < 1/10 for either of the two main analyses 
(univariate or similarity) for the a priori-defined networks of interest.

Forty participants were recruited from the MRC Cognition and 
Brain Sciences’ SONA system or from word-to-mouth. This initial batch 
was sufficient for the BF for the null to exceed our stopping criterion 
(that is, BF10 < 1/10) for both the univariate and similarity analyses 
(Results). Data exclusion followed the criteria in our Stage 1 report, 
which specifies that participants who are excluded before the analy-
sis of their data will be replaced with others. According to the report, 
reasons for preanalysis exclusion were failure to complete the task, 
failure to arrive to the second session, noncompliance with inclusion 
criteria, faulty equipment and experimenter error. Accordingly, five 
participants were excluded before the analysis of their data—one due 
to an incidental magnetic resonance imaging (MRI) finding, two due to 
technical issues, one due to experimenter error in loading the sessions 
and one who did not show up for the second session—and were replaced 
with others. Our Stage 1 report further indicates that participants who 
were excluded following the analysis of their data will be removed from 
the relevant analyses but will not be replaced. Potential reasons for 
postanalysis exclusion were lack of trials in one or more experimental 
conditions (due to floor/ceiling performance), increased movements 
(two s.d. or more than the mean motion across all participants) and/
or motion that resulted in reduced coverage of key locations (within 
a priori-defined networks, as detailed below). Accordingly, four par-
ticipants were excluded following the analysis of their data but were 
not replaced. These included one exclusion due to lack of trials in one 
of the experimental conditions, one due to increased head movements 
and two exclusion of two participants for which the ‘tedana’ denoising 
algorithm (detailed below) failed to converge during preprocessing.

Our final sample (N = 36) included female (25) and male (11) adults 

(mean age of 24.1 years, s.d. of 5.12, range 18–35), who were native 
English speakers, magnetic resonance-compatible, with normal or 
corrected-to-normal vision and not diagnosed with attention deficit 
hyperactivity disorder, dyslexia or any other developmental or learn-
ing disabilities. Participants were pseudo-randomly assigned into the 
various counterbalancing conditions, to keep the mean age and gender 
distribution across the various experimental lists roughly equated.

Ceiling/floor performance
Following behavioural pilots (see below), we expected participants to 
reach ~50% accuracy in each task. Nevertheless, we took precautions to 
ensure that performance remained interpretable and is not at floor or 
at ceiling when participants performed the task in the scanner. In our 
Stage 1 report, we indicated that performance will be assessed after 
data are collected from the first five participants, and the task(s) will be 
revised if floor/ceiling effects are detected. Accordingly, performance 
was assessed after data were collected from the first five participants 
(one for each of the five stimulus lists). Floor performance was defined 
as when the average of successful trials was <10%, and ceiling perfor-
mance were defined as when the mean of successful trials was >90% 
in any of the tasks. Assessment of the data indicated that there were 
no floor/ceiling effects in any of the tasks: in the episodic task, mean 
accuracy across the first five participants was 36% (s.d. of 16%, range 
15–58%), in the semantic task, mean accuracy was 45% (s.d. of 15%, 
range 24–68%), and in the control task, mean accuracy was 41% (s.d. 
of 0.044%, range 35–46%).

Materials
The entire stimulus database is available at https://osf.io/dm47y/. 
Stimuli for the episodic and semantic tasks were names and logos of 
brands from various categories (technology, food and drinks, travel, 
entertainment, clothing, finance, organizations, sports, superheroes 
and household). The initial stimulus pool for the episodic and the 
semantic tasks included 440 logos obtained from various internet 
sources. Familiarity of the logos was assessed in a pilot study with 
eight participants (all native English speakers, aged 25–39 years, five 
females). Participants viewed the logos and indicated whether and to 
what degree they were familiar with them. Each trial of the pilot study 
started with a 1 s fixation cross, followed by the presentation of the logo 
for a duration of 1 s with the familiarity scale presented below the image 
(‘1, not familiar; 2, somewhat familiar; 3, highly familiar; 4, can name’). 
The logo then disappeared, but the scale remained on the screen until 
the participant provided their response. They were instructed to use 
the ‘can name’ option only if they can name the actual brand associated 
with the logo, and selection of this option prompted another screen 
in which they had to type in the brands’ name. They were instructed to 
avoid guessing and ‘gist-based’ responses (for example, responding 
‘car’ instead of ‘Toyota’).

Based on the data from the pilot study, we constructed a stimulus 
database with 240 entries. Each entry included a logo and its associated 
brand name. This database contained 80 logos that were highly name-
able (were named correctly by five or more of the participants in the 
pilot study), 80 that were somewhat nameable (were named correctly 
by one to four participants) and 80 that were not nameable. A total of 
32 additional entries were selected to be used as fillers, examples and 
practice trials. The stimulus database was then divided into 10 subsets 
of 24 entries. Subsets were matched in terms of stimulus familiarity 
(1–4 familiarity rating provided by the participants) and stimulus 
category such that each list included an equal number of stimuli from 
the abovementioned categories. Within each subset, entries were 
randomly ordered and then associated with the following one (and 
the last entry within each subset was associated with the first one), to 
add to this entry an unrelated brand’s name. Thus, each entry included 
three elements: the logo, the associated brand’s name and an unrelated 
alternative. The experimental lists were then constructed such that 
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for each participant, different entries were presented for the episodic 
task, which included 144 entries, and the semantic task, which included 
96 entries. For example, a participant that was allocated subsets 1–6 
(each with 24 entries, for a total of 144 entries) for the episodic task, 
was allocated subsets 7–10 for the semantic task. Experimental lists 
were counterbalanced across participants.

Stimuli for the control task were pseudo-random combinations of 
two English consonants with added noise. To construct these stimuli, 
we created 192 random combinations of consonants, from which we 
chose 80 unique combinations, excluding combinations that convey 
a well-known semantic meaning (for example, ‘EG’). The selection of 
the stimuli was verified by three independent judges. We then created 
displays of these combinations. Each display included one combina-
tion, shown in a random font from the list of available fonts in Matlab, 
a random colour and a fixed font size (150). Noise was then added to 
the displays using the ‘impulsenoise’ Matlab function63 at a random 
level of 85–100%.

Design and procedure
The paradigm used in the experiment is illustrated in Fig. 1. The experi-
ment was administered using E-Prime 2 (Psychology Software Tools). 
It consisted of two critical tasks, the episodic task and the semantic 
task, which took place on two different days, and an additional control 
task which was completed together with the semantic task. The order 
of the critical tasks was counterbalanced across participants. In all 
tasks, participants were instructed not to guess and to only provide 
a verbal response if they were sure about their answer or to say ‘pass’ 
otherwise. Verbal responses were recorded using an fMRI compatible 
noise-cancelling microphone (OptoAcoustics Ltd). All stimuli were 
presented against a grey background. Pictorial stimuli (logos) were 
presented at ~6–8 cm in on-screen size, and textual stimuli (brands’ 
names) were displayed in black in Courier New 24-point font.

On arrival at the laboratory, participants were seated in a quiet 
room, where they signed an informed consent form and completed 
the unscanned part of the relevant task. Once completed, they were 
given the instructions and practice trials for the scanned part of the 
task. Moreover, they were provided with instructions for the MRI scan 
and were told to try to minimize head movements even though they 
need to give verbal responses in the scanner. They then performed the 
relevant task(s) in the MRI scanner. In all tasks and phases, two filler 
trials were provided before the beginning of each block. These trials 
were not included in the analyses.

Episodic task. The task included three phases: study phase, a scanned 
test phase and debriefing. At the beginning of the study phase, par-
ticipants were told that they will be presented with pairs of unrelated 
stimuli (a brand’s name and a logo) and were instructed to associate 
them for a subsequent memory test by creating a story such as a situ-
ation that could have happened that links the stimuli together (for 
example, ‘Yesterday I was searching for NASA on GOOGLE so I can 
teach my brother about space rockets’). They then completed a prac-
tice block of ten trials, with the experimenter ascertaining that they 
understood the nature of the associations that are to be generated for 
the stimulus pairs. The study phase then started. An exemplary study 
trial is depicted in Supplementary Fig. 1. Each study trial began with a 
1 s fixation cross, followed by a 5 s presentation of the stimulus pairs 
and a 5 s blank screen. Participants were instructed to use this time 
(10 s in total: stimuli presentation + blank screen) to generate their 
association. Next, a screen with the text ‘easy/hard?’ was shown for 
2 s, and participants were asked to press one key if they found it easy 
to come up with an association or another key if they found it difficult. 
The right index and middle fingers were used for these keypresses 
and finger assignment was counterbalanced across participants. 
The study phase was divided into three blocks of 48 stimulus pairs, 
for a total of 144 stimulus pairs, presented in a random order. A short 

self-paced break was given between blocks. To obtain adequate sub-
sequent memory performance (see ‘Pilots’ section), the study phase 
was repeated twice with stimulus pairs presented in different order, 
and participants were instructed to think about the same scenario as 
before, to the best of their ability.

Following the completion of the study phase, participants were 
given instructions for the test phase, which included logo-cue trials 
and name-cue trials. For logo-cue trials, participants viewed studied 
logos and indicated what the associated brand was (that is, the episodic 
associate, from the study phase) and how many details they remember 
from the associated story that they had created. Similarly, for name-cue 
trials, they viewed brand names and indicated how many details they 
remember from the study phase. Following the completion of a practice 
block of ten trials and provision of additional instructions regarding 
the scanning procedure (see above), participants completed the test 
phase while in the scanner. The procedure used for the test phase was 
similar to that used in our previous work61 and was shown to be useful 
for a memory task that relies on verbal responses. Each logo-cue trial 
started with a jittered fixation cross (1–8 s; mean of 4), followed by 
the presentation of the logo for 1 s and a 5 s blank screen. Participants 
were instructed to use this time to think about the details of the story 
that they created when associating the stimuli together during the 
study phase. Next, a screen with the text ‘pair associate?’ was shown 
for 3 s. During this time, participants had to verbally recall the name of 
the associated brand from the study phase. This was followed by a 2 s 
screen with the text ‘many/few?’, for which they pressed one key if they 
managed to retrieve many details from the study phase or another key 
if they managed to retrieve few (or no) details. The right index and mid-
dle fingers were used for these keypresses, and finger assignment was 
counterbalanced across participants. Key assignment corresponded 
to the study phase, such that the same finger was used for ‘easy’ and 
‘many’ and another was used for ‘hard’ and ‘few’. After completing the 
subblock of 48 logo-cue trials, a subblock of 48 name-cue trials ensued, 
corresponding to the same stimuli. In each name-cue trial, after a jit-
tered fixation (1–2 s; mean of 1.5), a brand name was presented for 1 s, 
followed by a 5 s blank screen. Again, during this time, participants were 
instructed to think about the details of the story from the study phase. 
This was followed by a 2 s ‘few/many?’ response screen. The test phase 
was comprised of three blocks (runs). In each block, a subblock of 48 
logo-test trials was displayed, followed by a subblock of 48 brand-test 
trials. A short break, during which a new run was initiated, was given 
between blocks.

Participants then performed the final debriefing phase, whose aim 
was to allow us to control, as best as possible, for semantic processing 
in the episodic task (‘Trial classification’ section). In this phase, partici-
pants viewed the logos that were presented throughout the episodic 
task and indicated whether, and to what degree, they were familiar 
with them before the experiment. Each debriefing trial started with a 
1 s fixation cross, followed by the presentation of the logo for a dura-
tion of 1 s with the familiarity scale presented below (‘1, not familiar; 
2, somewhat familiar; 3, highly familiar; 4, can name’). The logo then 
disappeared, but the scale remained on the screen until the participant 
provided their response. Selection of the ‘can name’ option prompted 
another screen in which participants typed in the brands’ name. Data 
from the debriefing phase was used to inform our analyses. Namely, 
in the episodic task, participants are likely to know the original pairing 
for some logos, which might cause semantic interference when the new 
(episodic) pairings are formed. To minimize this potential confound, 
trials that were classified as ‘can name’ during the debriefing session 
were initially excluded from the analyses but were then reinstated as 
they conformed to the same numerical trends (‘Data analysis’ section). 
To allow sufficient statistical power after the potential exclusion of 
these trials, the episodic task included more trials than the semantic 
task (144 versus 96 trials), with the number of trials-per-block (48) 
remaining constant across tasks.
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Semantic task. The task included two phases: a familiarization phase 
and a scanned test phase. The purpose of the familiarization phase was 
to expose participants to the stimuli that were presented during the test 
phase. At the beginning of the familiarization phase, participants were 
told that they will have to provide two types of judgement: one for words 
and one for pictures. Exemplary familiarization trials are depicted in 
Supplementary Fig. 1. For pictures, they viewed logos presented above a 
bisecting red line and indicated whether the line is presented more to the 
left or to the right of the picture. We chose this task because it requires 
participants to attend to the appearance of the stimulus, shown on each 
trial, but does not involve an explicit identification of the logo or the 
brands associated with them (see similar justification by others64,65). 
For words, participants viewed brand names and indicated whether 
their first and last letters are in alphabetical order. This task was chosen 
because it is challenging, yet does not require semantic processing. 
Following these instructions and the completion of a ten trials practice 
block for each judgement, participants completed the familiarization 
phase. For pictures, each trial started with a fixation cross displayed 
for 1 s, followed by the presentation of the logo for 3 s. A vertical line 
bisected the picture, leaving 65% of the picture either on the left or 
right side of the line. This line was randomly tilted between 10° and 40° 
from the vertical. After the disappearance of the stimuli, participants 
indicated by a key press on each trial whether more of the logo was 
presented to the left or to the right of the line by responding to a screen 
with the text ‘left/right?’, shown for 2 s. For words, each trial started with 
a fixation cross (1 s), followed by the presentation of the brands’ name 
(3 s), and a screen with the text ‘alphabetical/non-alphabetical?’ (2 s). 
Participants pressed a key with their index finger if the first and last 
letters were in alphabetical order and another key with their middle 
finger if not. The familiarization phase was divided into two blocks. In 
each block, a subblock of 48 pictures was displayed, followed by a sub-
block of 48 words, for a total of 96 pictures and 96 words. A short break 
(self-paced) was given between blocks.

Following the completion of the study phase, participants were 
given instructions for the scanned test phase. The test phase resembled 
that of the episodic task, but instead of recalling the associated brand 
from the study phase, participants were asked to recall the name of 
the actual (semantic) associated brand from their prior knowledge. 
Similarly, they were asked to indicate whether they were able to retrieve 
few/many details associated with the logo/brand, rather than with 
the associating story. The test phase included two blocks (runs) of 48 
logo-cue trials and 48 name-cue trials.

Control task. Because the semantic task has less trials than the episodic 
task (‘Trial classification’ section), it takes less time to complete. There-
fore, the control task took place on the same day as the semantic task 
and followed it. The control task was used to control for general success 
effects that are unrelated to semantic or episodic memory. Therefore, 
we designed a challenging visual perception task that can produce a 
roughly equal number of success and failure trials. The instructions for 
the control task and a block of five practice trials were provided before 
the scan, after the instructions for the test phase of the semantic task 
were given. Participants were instructed to identify two-letter combina-
tions of English consonants with added noise. Each trial started with a 
jittered fixation cross (1–8 s), followed by a letters-display presented 
for 1 s, and a 5 s blank screen, to match the trial structure of the episodic 
and semantic tasks. Next, when a screen with the text ‘letters?’ was 
shown (for 3 s), participants had to say what letters were presented in 
the display. Finally, a screen with the text ‘many/few’ appeared (for 2 s), 
and participants indicated whether they were able to extract many/few 
details (colour, shape and so on) while the letters were presented. The 
control task included two blocks (runs) of 40 trials.

Pilots. Six participants completed behavioural pilot versions of 
the above tasks. The aim of these pilots was to assure that (1) the 

instructions are clear; (2) there are no bugs/typos/problems with the 
tasks; (3) all tasks are feasible and performance are not at floor/ceiling; 
and (4) the tasks are roughly matched for difficulty. Pilot data, as well 
as the full list of changes to the tasks that were made during/following 
these pilots are available at https://osf.io/dm47y/.

fMRI acquisition
The same acquisition and preprocessing protocol were used for all 
tasks. MRI data were collected using a Siemens 3T PRISMA system 
with a 32-channel head-coil. Structural images were acquired with 
a T1-weighted three-dimensional magnetization prepared rapid 
gradient-echo sequence (repetition time (TR) of 2,250 ms; echo time 
(TE) of 3.02 ms; inversion time (TI) of 900 ms; 230 Hz per pixel; flip 
angle of 9°; field of view (FOV) 256 × 256 × 192 mm; GRAPPA accel-
eration factor 2). Functional images were acquired using an echop-
lanar imaging sequence with multi-echo (4) multiband (2; MEMB) 
acquisition. We used a multi-echo sequence in order to recover signal 
from the ATL, which is a region associated with semantic memory 
but suffers from susceptibility artefacts in gradient-echo fMRI66–68; 
we used multiband to compensate for the longer TR required for 
multi-echo acquisition. For the episodic task, volumes were acquired 
over three runs. For the semantic and the control tasks, volumes were 
acquired over two runs. Each volume contained 46 slices acquired in 
interleaved order within each excitation band, with a slice thickness 
of 3 mm and no interslice gap (TR of 1,792 ms; TE of 13, 25.85, 38.7 
and 51.55 ms; flip angle of 75°; FOV of 192 mm × 192 mm; voxel size of 
3 mm × 3 mm × 3 mm). Field maps for echoplanar imaging distortion 
correction were also collected (TR of 541 ms; TE of 4.92 ms; flip angle 
of 60°; FOV of 192 mm × 192 mm).

Preprocessing
All raw DICOM data were converted to nifti format using dcm2niix. 
The T1 data were processed using FSL (v5.0.11)69–71 and subjected to the 
‘fsl_anat’ function. This tool provides a general processing pipeline for 
anatomical images and involves the following steps (in order): (1) reori-
ent images to standard space (‘fslreorient2std’), (2) automatically crop 
image (‘robustfov’), (3) bias-field correction (‘fast’), (4) registration to 
Montreal Neurological Institute (MNI) space (‘flirt’ then ‘fnirt’), (5) brain 
extraction (using fnirt warps) and (6) tissue-type segmentation (‘fast’). 
Images warped to MNI space were visually inspected for accuracy.

The functional MEMB data were preprocessed using a combina-
tion of tools in FSL, AFNI (v18.3.03)72 and a python package to perform 
TE-dependent analysis73–75. Images were despiked (3dDespike) and 
the slice-time corrected (3dTshift, to the middle slice) and realigned 
(3dvolreg) with AFNI before being submitted to the ‘tedana’ tool-
box (max iterations of 100, max restarts of 10). Tenada takes the 
time series from all the collected TEs, decomposes the resulting 
data into components that can be classified as BOLD or non-BOLD 
based on their TE-dependence and then combines the echoes for 
each component, weighted by the estimated T2* in each voxel, and 
projects the noise components from the data74,76. Because the ben-
efits of the ME-ICA denoising procedure were not yet established for 
task data when our Stage 1 report was accepted (although they were 
established in a recent paper, specifically designed to address this 
issue52), we stated then that we will analyse the data using two meth-
ods—combined and combined + ICA-denoise—and formally compare 
the results. This analysis showed that the combined + ICA-denoise 
procedure was consistently advantageous compared to the combined 
procedures. The full details and results of this analysis are included 
in Supplementary Analysis 2.

The resulting denoised and combined images were then averaged, 
and the mean coregistered to T1 (flirt) and warped to MNI space using 
fnirt warps and flirt transform. For whole-brain activation analyses (that 
is, when extracting the data-driven clusters, see below), smoothing was 
applied using an 8 mm full width at half maximum Gaussian kernel.
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Data analysis
Trial classification. Logo-cue trials in all three tasks were classified 
into two response types of interest based on the response to that trial: 
(1) success: trials in which the associated brand from the study phase 
(episodic)/the actual associated brand (semantic)/the letters combina-
tion (control) was correctly recalled; (2) failure: all trials with a ‘pass’ 
response. Logo-cue trials and name-cue trials were further classified 
into detailed (success trials for which many details were retrieved/
extracted) and not detailed (success trials for which few or no details 
were retrieved/extracted). Each success trial was then assigned into 
one of three categories, according to the correspondence between 
logo-cue and name-cue trials: (1) match(+): an entry that was classi-
fied as retrieved with many details in both the logo-cue trial and the 
name-cue trial; (2) match(−): an entry that was classified as retrieved 
with few details in both trials; and (3) mismatch: an entry that was 
classified as retrieved with many details in the logo-cue trials but with 
few details in the corresponding name-cue trial or vice versa. Trials 
that were given incorrect responses (false alarm trials), and any tri-
als in which no response was collected during the scanning session 
were included in the general linear model (GLM) model (‘Univariate 
analysis’ section) but disregarded from the analyses. As was men-
tioned above, to minimize semantic processing in the episodic task, 
trials corresponding to logos that were classified as ‘can name’ in the 
debriefing session, regardless of whether or not the correct response 
was provided, were excluded from the analyses at the first instance. 
Nevertheless, to increase statistical power, we ran the analyses that 
determined the stopping criteria for the experiment (‘Selection and 
definition of locations of interest’ section) both with and without these 
trials, and because numerical trends remained the same, these trials 
were included in our main analyses.

General approach. Statistical analyses were performed in R and 
RStudio. Both behavioural and fMRI data were analysed using 
Bayesian mixed-models analyses that accommodate both within- 
and between-participant variability. This approach is particularly 
recommended for unbalanced data (an unequal number of trials in 
each condition77), which we have here due to the post hoc division of 
trials into successful and failure trials. Categorical predictors were 
dummy-coded. For binary outcomes (behavioural data), we used a 
logistic regression model with binomial family link function, whereas 
for continuous outcomes (fMRI data) we used a linear regression model 
with Gaussian family link function. We fitted all models (unless oth-
erwise stated, in some of our exploratory analyses) across 36,000 
samples of which the first 3,000 were warm-up samples, using the 
Bayesian regression models (BRMS) R package78,79.

Behavioural analyses. After classifying the trials according to their 
responses, we analysed the behavioural data from the test phase of 
the episodic and semantic tasks as well as the data from the control 
task. Because the study phase is not comparable across tasks, these 
data were not subjected to statistical comparisons but are available 
on https://openneuro.org/datasets/ds004495 for completion and 
potential future use.

To analyse behavioural data from the test phase, trial outcomes (1 
for success, 0 for failure) were submitted to a Bayesian logistic regres-
sion model, which included task (episodic, semantic, control) as a fixed 
factor and a participant-specific intercept and slope for this factor as 
the random part of the model. We fitted the model with the following 
formula, where ‘(… |x)’ indicates random effects:

Outcome ≈ task + (1 + task|participant).

Selection and definition of locations of interest. We used two defini-
tions to identify locations of interest. The first was an a priori definition 
of networks, based on functional data from previous studies. For this 

definition, we identified two networks of interest: a core-recollection 
network that is applicable in various episodic tasks, regardless the 
nature of the recollected content11,12, and a semantic network, com-
prising regions that show consistent activation in tasks that require 
semantic processing80, combined with the ATL from a recent fMRI study 
using a paradigm with enhanced ATL signal coverage81. To maximize 
our ability to detect potential differences, we excluded any overlapping 
voxels that are shared between the two networks. These networks are 
shown in Fig. 2a. Note that each network includes several regions of 
non-contiguous voxels. This definition was used for setting the stop-
ping criteria for data collection.

The second definition was based on data from the current 
study (that is, data-defined clusters). For this definition, we ran a 
whole-brain analysis and identified locations where the recall success 
effect (success-failure) in the two critical tasks (episodic and seman-
tic) was greater than the success effect in the control task (P < 0.05 
family-wise error cluster-level corrected, with voxel-level threshold 
at P < 0.001 uncorrected). Note that this contrast is orthogonal to the 
difference between episodic and semantic success effects, so it does 
not bias the subsequent comparisons of these two. The sample used 
for this analysis consisted of 32 participants, following the exclusion 
of 4 additional participants: 2 for which behavioural data for the 
control task were not available due to problems with the recordings 
and 2 for which MRI data for the control task were not recorded due 
to technical issues. Two clusters were obtained with this definition, 
shown in Fig. 2b.

Univariate analysis. The univariate analysis was conducted for 
logo-cue trials classified as ‘success’ and ‘failure’ trials (‘Trial clas-
sification’ section). It was conducted separately for a priori-defined 
networks and data-defined clusters.

SPM12 (www.fil.ion.ucl.ac.uk/spm) in Matlab (The MathWorks) 
was used to construct GLMs for each participant separately for each run 
and for each task. These first-level GLMs included two separate regres-
sors for each response type of interest for logo-cue trials (success, 
failure), a regressor for excluded responses (filler trials, false alarms 
and unnameable targets; ‘Trial classification’ section) and a regressor 
for name-cue trials which are of no interest for this analysis. Predicted 
responses in these regressors were locked to the onset of stimulus pres-
entation. The GLM further included a regressor for the verbal response 
(at the onset of the ‘pair-associate?’ slide) and a regressor for the motor 
response to the ‘Many/Few?’ slide (locked to the motor response, for 
both logo- and name-cue trials). Each of these regressors were gener-
ated with a delta function convolved with a canonical haemodynamic 
response function. Six participant-specific movement parameters were 
also included to capture residual movement-related artefacts. The GLM 
was fitted to the data in each voxel. The autocorrelation of the error 
was estimated using an AR(1)-plus-white-noise model, together with 
a set of cosines to high-pass the model and data to 1/128 Hz to remove 
low-frequency noise, fitted using restricted maximum likelihood. The 
estimated error autocorrelation was then used to ‘prewhiten’ the model 
and data, after which ordinary least squares were used to estimate the 
model parameters.

Group level analyses were conducted using mixed-effect models. 
Importantly, rather than averaged estimates across participant/condi-
tion, the mixed-models require estimation of the BOLD response for 
each trial. To get these estimations, we used the locations described 
above (that is, a priori-defined networks and data-defined clusters). 
For each participant, we extracted time series data from these loca-
tions using the first eigenvector across all voxels in each location 
and adjusting for effects of no interest such as those captured by the 
motion regressors (see first-level GLMs above). To estimate the BOLD 
response to each trial from this time series, we used the least-squares 
separate (LSS-N) approach82,83, where ‘N’ is the number of conditions. 
LSS-N fits a separate GLM for each trial, with one regressor for the 
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trial of interest and one regressor for all other trials of each of the 
N conditions. Only single trials of the conditions of interest were 
estimated this way. LSS implements a form of temporal smoothness 
regularization on the parameter estimation83. The regressors were 
created by convolving a delta function at the onset of each stimu-
lus with the haemodynamic response function. The parameters for 
the regressor of interest were then estimated using ordinary least 
squares, and the whole process was repeated for each separate trial 
of interest and for each location.

The resulting betas were submitted to a Bayesian linear 
mixed-model which included two locations (either predefined or data 
driven, depending on the analysis), the two critical tasks (episodic, 
semantic), response type (success, failure) and their interactions as 
fixed effects. The model further included participant-specific slopes 
for each factor and a participant-specific intercept (see discussion 
on estimation and convergence problems of the maximal random 
effects model84,85) as the random part of the model. The ‘ROI’ factor 
always included two locations. We fitted the model with the follow-
ing formula, with a unit normal prior set for the intercept and for the 
mean effect of x:

Betas ≈ ROI × task × response type

+(1 + ROI + task + response type|participant).

We then tested our prediction of greater recall success effect 
(success > failure) in the episodic task in the episodic network but 
greater recall success effect in the semantic task in the semantic net-
work for a priori-defined networks. We also tested a two-tailed version 
of the same interaction between ROI and task for the data-defined 
clusters. The present of any such interaction involving two locations 
would support our hypothesis that the episodic and semantic systems 
are dissociable.

Similarity analysis. The similarity analysis was conducted for success 
trials in the two critical tasks (episodic, semantic) and was restricted 
to pairs of logo- and name-cue trials that corresponded to the same 
level of details (that is, classified as ‘match(+)’ or ‘match(−)’ trials; 
‘Trial classification’ section). In addition, because pairs of logo-brand 
trials that correspond to the same event (‘same trials’) were always 
from the same block (run), each logo-cue trial was only correlated 
with an unassociated name-cue trial from the same block, to avoid 
confounding same/different with temporal lag between logo-cue 
and name-cue trials.

First-level GLMs included the same regressors as in the univariate 
analysis, with additional regressors for logo-cue and name-cue trials 
modelled as a 5 s boxcar function at the onset of the delay period. 
Similar to the univariate analysis, the similarity analysis was performed 
separately for each type of location definition. Nevertheless, instead 
of extracting a single time-course from each location, we extracted a 
time-course from each voxel within the locations. Moreover, the time 
of interest was the delay period where no perceptual information 
was presented (5 s following stimulus presentation, modelled as an 
epoch). For this analysis, we focused on the delay period rather than 
stimulus onset, as was done for the univariate analysis. Epoch data were 
extracted using the LSS-N approach described above. Following this 
extraction of single-trial time courses, successfully recalled logo-cue 
trials and their corresponding name-cue trials, were considered to 
be trials-of-interest if labelled as ‘match’ trials (‘Trial classification’ 
section). Other trials (mismatch, failure, false alarms or unnamable 
targets) were excluded.

Logo-brand similarity was then computed using Fisher 
-transformed correlation coefficients for (1) ‘same’ pairs: success 
logo-cue trials classified as detailed/non-detailed and the name-cue trial, 
which corresponds to the associated brand (that is, from the study phase 
in the episodic task or the actual associated brand in the semantic task), 

and (2) ‘different’ pairs: success logo-cue trials classified as detailed/
non-detailed and a different (unassociated) name-cue trial correspond-
ing to the same level of detailedness, and presented at the smallest 
time-lag, either before or after, from the associated brand-test trial. 
These similarity coefficients were submitted to a linear mixed-model 
with ROI, task (episodic, semantic), trial type (same, different) and their 
interactions, as the fixed part of the model, and with participant-specific 
slopes (for each factor) and intercept as the random factors with the 
same priors described above:

Coefficient ≈ ROI × task × trial type

+(1 + ROI + task + trial type|participant).

We tested our prediction of greater similarity effect (same 
-different) in the episodic task in the episodic network but greater 
similarity effect in the semantic task in the semantic network (for 
a priori-defined networks). We also tested a two-tailed version of the 
same interaction between ROI and task for the data-defined ROIs. We 
rationalized that such pattern would indicate that semantic and epi-
sodic content is represented in dissociable brain regions.

Deviations from registered protocol

•	 For each participant, we intended that the two experimental 
sessions will take place 2–21 days apart. However, due to unpre-
dictable circumstances (illness, unexpected leave, MRI scanner 
problems), the scans were further apart for four participants 
(27, 42, 47 and 63 days). For the rest, the time between sessions 
ranged between 2 and 18 days (mean of 7.72 days, s.d. of 4.83).

•	 Our Stage 1 report stated that for the control task, a block of 
ten practice trials will be provided before the scan. In practice, 
this task was straightforward and did not require much prac-
tice, and so a block of five practice trials was given instead.

•	 For the analysis of behavioural data, we registered the following 
model: outcome ≈ task × response type + (1 + task + response 
type|participant). In retrospect, however, we realized that this 
cannot be done because the dependent variable ‘outcome’ is 
identical to the ‘response type’ factor (that is, both indicate 
success/failure). We therefore removed the ‘response type’ 
factor from the model and used the following formula instead: 
outcome ≈ task + (1 + task|participant).

•	 In Stage 1, we referred to the episodic and semantic networks of 
interests that were defined based on previous literature as ‘ana-
tomical ROIs’ and to regions that were selected based on current 
data as ‘functional ROIs’. However, the episodic and semantic 
networks derived from previous literature were also defined 
functionally rather than anatomically. We therefore changed 
the terminology throughout the manuscript to ‘a priori-defined 
networks’ to reflect regions that were selected based on previ-
ous literature and ‘data-defined clusters’ or ‘data-defined ROIs’ 
to reflect clusters/regions selected based on current data. Note 
that some of the shared code uses the old terminology.

•	 In our Stage 1 report, we stated that to avoid an inflated false 
positive rate due to multiple comparisons, we will adjust the 
model’s prior based on the number of comparisons that we 
perform. In practice, this was not required because our regis-
tered analysis only yielded two clusters, resulting in a single 
comparison.

Protocol registration
The approved Stage 1 protocol is available at https://osf.io/dm47y/.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

http://www.nature.com/nathumbehav
https://osf.io/dm47y/


Nature Human Behaviour

Registered Report https://doi.org/10.1038/s41562-025-02390-4

Data availability
Raw neuroimaging data, behavioural data and lab logs are available at 
https://openneuro.org/datasets/ds004495/. Processed data, pilot data 
and materials are available at https://osf.io/dm47y/.

Code availability
All code used for the study is available at https://osf.io/dm47y/.
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