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Abstract
When recollecting events, older adults typically report similar memory vividness levels as young adults, while they actually retrieve fewer episodic details. This suggests that young and older adults use episodic details differently to calibrate their vividness judgements. Capitalizing on the idea that remembering reactivates brain regions that initially processed details at encoding, the current fMRI study sought to examine these age-related changes in the basis of vivid recollection. At encoding, young and older adults saw pictures associated with labels and these labels were then used as retrieval cues for recalling the associated pictures and making memory vividness judgments. Results showed that highly vivid memories were associated with greater activity in the precuneus in young than older adults. Furthermore, the direct comparison between encoding and retrieval patterns of activity using Representational Similarity Analyses revealed stronger item-specific reactivation in the posterior cingulate/retrosplenial cortex in young than older adults. Taken together, these results provide new evidence that aging is associated with reduced reinstatement of activity in brain regions that processed the encoding of complex stimuli, but older individuals judge these impoverished memory representations as subjectively vivid. 
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1. Introduction
Episodic memory declines in normal aging (Drag & Bielauskas, 2010), especially when episodic memory performance is measured objectively (i.e., when the accuracy of memories is evaluated). For instance, while older adults have relatively good recognition memory for single items, they have a decreased ability to remember how these items were associated (Naveh-Benjamin, 2000) or to identify their source (Bastin et al. 2013). Age-related differences have also been observed in the free recall of items (Norman & Schacter, 1997) and recollection of episodic details from autobiographical events (Levine et al. 2002; Gaesser et al. 2011). However, a surprising pattern of results has emerged when episodic memory is measured subjectively (i.e., with introspective judgements regarding the phenomenological quality of the memory). Indeed, older adults usually give similar or even higher subjective ratings than younger adults when assessing the subjective richness of their memories. This was notably the case in studies that used subjective memory judgements (e.g., Memory Characteristics Questionnaire, Johnson et al. 1998: Hashtroudi et al. 1990; Comblain et al. 2005; De Brigard et al. 2016) or vividness ratings (St-Laurent et al. 2011, 2014; Johnson et al. 2015; Robin & Moscovitch, 2017). Critically, in most of these studies, age-invariant subjective memory judgements contrasted with impaired performance on objective measures of memory (source memory or free-recall) in aging (Hashtroudi et al. 1990; Robin & Moscovitch, 2017). 
To shed light on this dissociation between objective and subjective recollection in aging, Folville, D’Argembeau and Bastin (2019) recently conducted an experiment in which young and older participants were presented with pictures that were associated with descriptive labels at encoding. At retrieval, participants were cued with the labels and were asked (1) to rate the vividness of their memory for the associated picture and (2) to recall as many details of the picture as possible. Results revealed that, across trials, the relationship between subjective (vividness) and objective (number of recalled details) recollection was stronger in young than older participants, indicating that the subjective experience of remembering becomes less tied to the objective amount of retrieved details in aging. These results suggest that the type of information that is used to calibrate memory vividness judgements differs between age groups. However, the investigation of the basis of memory vividness using verbal reports on recalled information may be challenging, notably because people do not necessarily have introspective insight as to the kinds of information that give rise to subjective vividness. fMRI thus provides a promising method to shed further light on the cognitive processes underlying the retrieval of subjectively rich and vivid memories in young and older adults (Mitchell & Johnson, 2009).
The conscious retrieval of details from past events is supported by a specific set of brain regions that forms the so-called Core Recollection Network (Rugg & Villberg, 2013). This network comprises the medial prefrontal cortex, retrosplenial/posterior cingulate cortex, angular gyrus, hippocampus and parahippoccampal cortices (Rugg & Villberg, 2013; King et al. 2015). In a recent study, Richter et al. (2016) investigated brain regions that were specifically associated with objective memory success, memory precision, and subjective vividness in young adults. Retrieval success and precision were associated with greater activity in the hippocampus and the angular gyrus, respectively (see also Ranganath et al. 2004; Wagner et al. 2005), whereas vividness was related to activity in the precuneus. The precuneus has also been related to vividness judgments in other studies (St-Laurent et al. 2015) and may support metacognitive decisions (Baird et al. 2013) or mental imagery processes (Gardini et al. 2006) accompanying episodic memory retrieval. 
Aging is associated with decreased activity in brain regions involved in episodic memory retrieval (Duarte et al. 2008; St-Jacques et al. 2012; Cansino et al. 2015), notably in the Core Recollection Network (Angel et al. 2013). A recent study examined the neural correlates of subjective memory judgments in normal aging (McDonough et al. 2014). Specifically, young and older adults encoded pictures associated with descriptive labels outside the scanner and then were cued by the labels in the scanner and had to rate how detailed their memories for the pictures were. The results showed that both groups gave similar subjective memory ratings but that older adults’ ratings were associated with less brain activity in the parahippocampal gyrus, fusiform gyrus, and precuneus relative to young adults. The authors interpreted this lower brain activity in visual processing regions as evidence that aging reduces the reactivation of episodic details, while preserving their subjective memory experience. However, McDonough et al. did not directly contrast ‘strong’ hits (i.e., the most intense subjective judgements for which age-related overestimation should be maximized) between age groups. Besides, they did not measure vividness per se but rather the subjective amount of details that were retrieved. A comparison of the neural correlates of highly vivid memories between young and older adults would provide further information on the cognitive mechanisms underlying subjective vividness in the two age groups. Accordingly, the first aim of the current study was to investigate brain regions associated with the retrieval of highly vivid memories in young and older adults. 
On the basis of the long-standing view that brain regions that processed the details of an event at encoding are reactivated during conscious episodic retrieval (Nyberg, 2000), recent studies have examined the extent to which brain activity during encoding and retrieval overlap. Representational Similarity Analyses (RSA, Kriegeskorte et al. 2008) allow to quantify the similarity between encoding and retrieval patterns of brain activity (Encoding-Retrieval Similarity, ERS) at the trial level. Studies conducted in young individuals revealed significant ERS in the posterior cingulate cortex (Bird et al. 2015; Wing et al. 2015; Oedekoven et al. 2017), parahippocampal cortex (Staresina et al. 2012) and occipito-temporal regions (Ritchey et al; 2014; Wing et al. 2015) in cued-recollection tasks. While the reactivation of the posterior cingulate cortex at retrieval has been related to the reinstatement of the contextual frame of the encoding episodes (Wing et al. 2015; Oedekoven et al. 2017), the reactivation of parahippocampal and occipito-temporal regions has been associated with high-order visual processing of the encoded stimuli (scene pictures: Staresina et al. 2012, Ritchey et al. 2014 and Wing et al. 2015; video clips: Bird et al. 2015 and Oedekoven et al. 2017). 
The few studies that examined age-related changes in the similarity between encoding and retrieval activity have yielded divergent findings. Cortical reinstatement was indirectly assessed by McDonough et al. (2014) by overlaying brain activity observed at retrieval on the brain activity measured during a picture visualization task. This analysis revealed that differences in memory retrieval (Main effect of age: Young > older contrast) corresponded to a greater overlap between memory retrieval and the activity associated with  picture viewing in the precuneus, fusiform gyrus and parahippocampal gyrus, thus supporting the authors’ assumption that aging reduces the reactivation of brain regions that processed episodic details at encoding. Another study using multivariate pattern analysis (MVPA) showed reduced reinstatement in occipito-temporal visual regions in older relative to young adults when participants viewed and then rehearsed video clips (St-Laurent et al. 2014). However, caution should be taken when interpreting these results because participants rehearsed each video several times and could thus benefit from multiple exposures (Wang et al., 2016). 
More recent studies found that the cortical reinstatement of words or pictures of objects, measured using an MVPA classifier, was similar in older and young adults (Wang et al., 2016; Thakral, Wang & Rugg, 2017). However, in these studies, subjective remembering was indexed with Remember judgements. A remember rating can be based on whichever contextual detail brought back to mind (e.g., a thought, an association, a visual detail) whereas vividness ratings may be mainly based on the visual features of the encoded episode (Marks, 1973). It is therefore unclear whether findings of studies investigating the impact of age on cortical reinstatement using a Remember/Know paradigm generalize to subjective vividness ratings. 
In a study by Johnson and colleagues (2015), brain activity of young and older adults was recorded while they encoded pictures of scenes and objects associated with labels and were subsequently cued with the labels to assess subjective memory vividness. MVPA classification of fMRI data was used to measure category representations during encoding and retrieval. The results showed no age-group difference in terms of memory reactivation during episodic remembering as assessed by MVPA reactivation classifications (classifier trained on the encoding and tested on the retrieval) – at least when age-differences in category classification during encoding were taken into account (Johnson et al., 2015). These findings suggest that older adults do not differ from young adults in the extent to which encoding brain activity is reinstated during memory retrieval (Johnson et al. 2015). However, as noted by some authors, the results of MVPA classifications across classes of items may not necessarily extend to procedures in which cortical reinstatement is measured at the item level (Wang et al., 2016; Thakral et al., 2017; Thakral, Wang & Rugg, 2019). It is therefore unknown whether normal aging reduces the reinstatement of the brain regions that processed the encoding of specific items at the trial level (Wang et al., 2016).
In the current study, we aimed to examine age-related differences in the neural basis of recollection using a trial-by-trial measure of cortical reinstatement along with subjective vividness ratings. More specifically, we assessed Encoding-Retrieval Similarity for highly vivid memory representations. To do so, we conducted an fMRI experiment inspired by the study of McDonough et al. (2014) in which young and older adults encoded pictures associated with descriptive labels. Participants were then cued with these labels at retrieval to reinstate mental representations of the pictures, and they provided memory vividness ratings on each trial. First, we aimed at extending the findings of McDonough et al. (2014) by directly contrasting trials associated with high vividness ratings between age groups, in order to shed further light on how older adults evaluate their subjective experience of remembering. Second, we used Representational Similarity Analyses to test whether or not there is an age-related reduction in the reactivation of specific stimuli representations (St-Laurent et al., 2014; Wang et al., 2016). More specifically, because older adults tend to provide high vividness ratings that do not match the perceptual richness of their memory representations (Folville et al., 2019), we examined age-differences in Encoding-Retrieval Similarity for trials associated with high vividness ratings. 
  

2. Method
2.1 Participants 
Twenty-four young adults and 24 older adults were recruited. Five participants were excluded from the analyses for the following reasons: failure to follow instructions (1 older adult), excessive movements in the scanner (1 older adult), insufficient number of high vividness responses (1 young and 1 older adults), and voluntary termination of the scan session (1 young adult). The characteristics of the final sample (21 older and 22 young participants) are reported in Table 1. Participants were all right-handed native French speakers recruited in the Liège area. None reported any past/current psychiatric or neurological disorder. Groups did not differ in terms of education (measured as the number of years of education between the first year of primary school to the highest educational attainment), t(41) = 0.66, p = .51. Vision was corrected with scanner-safe glasses when necessary. Older adults were screened with the Dementia Rating Scale (DRS; Mattis, 1976) and all performed within norms (Pedraza et al. 2010). The experimental procedures were approved by the Ethics committee of the Medicine Faculty of the University of Liege. Participants received monetary compensation for participation and provided written informed consent. 













Table 1. Characteristics and memory performance of the two age groups.
	
	Young (n=22)
	Older (n=21)

	Age 
	23.73 (1.88)
	70.19 (6.23)

	Education 
	15.91 (1.24)
	16.33 (2.71)

	VVIQ 
	62.86 (8.28)
	61.38 (10.10)

	Dementia Rating Scale 
	/
	140.33 (2.98)

	Hit minus false alarms
	0.71 (0.19)
	0.65 (0.21)

	Mean vividness 
	2.06 (0.40)
	2.37 (0.39)*

	Vividness 0 (%)
	16.43 (11.42)
	11.90 (7.36)

	Vividness low (%)
	30.83 (14.12)
	17.85 (17.69)*

	Vividness high (%)
	51.97 (18.09)
	69.92(21.10)*

	Correct rejections (%)
	87.95 (13.68)
	76.66 (17.77)*

	Mean number of component recalled
	3.98 (1.30)
	2.21 (1.10)**

	Mean number of component recalled in high vividness trials
	5.44 (1.27)
	3.17 (0.99)**


Standard deviations in parentheses. VVIQ = Vividness of Visual Imagery Questionnaire. Significant age-group differences at * p <.05; ** p <.001 




2.2 Materials
Eighty coloured neutral pictures depicting daily-life scenes were selected from the Set of Fear Inducing Pictures (Michalowski et al. 2016), also evaluated in the Nencki Affective Picture System (NAPS, Marchewka et al. 2014). Valence of the pictures ranged from 4.25 to 6.88 (i.e., neutral valence; M = 5.45; SD = 0.60) while arousal ranged from 1 to 2.63 (i.e., low arousal; M = 1.30; SD = 0.33). Each picture was associated with a descriptive label from 1 to 3 words. These pictures were separated in four sets of 20 pictures each. For each participant, 3 sets were used as targets while the remaining set was assigned to a lure condition (see the procedure below). Appropriate counterbalancing was implemented in 4 versions of the task with stimuli of similar valence and arousal.
2.3 Procedure 
Encoding and retrieval were both performed in the scanner. At encoding, each trial began with the presentation of the label for 1.5 seconds (see Figure 1). This was immediately followed by the presentation of the corresponding picture for 7 seconds in the target condition. In the lure condition, the label was presented for 1.5 seconds but was not followed by the presentation of any picture (see McDonough et al. 2014 for a similar design). Trials were presented in a predefined random order and each trial was separated by a fixation cross of variable duration (jitter: 1-2 seconds). Participants were instructed to remember pictures and associated labels since they would be subsequently asked to retrieve mental representations of the pictures cued by the labels. The retrieval session was separated from the encoding session by an anatomical scan (5 minutes). 
At retrieval, each trial began with the presentation of a label for 5 seconds during which participants were instructed to retrieve a detailed mental representation of the associated picture. Then, participants were presented with a vividness rating scale that ranged from 0 to 3 (response in 5 seconds maximum). Participants were instructed to respond 0 when they were presented with a lure or when they could not retrieve any mental representation of a target picture. Otherwise, participants could distribute their ratings in the following way: 1 (low vividness), 2 (medium vividness), 3 (high vividness). The vividness scale disappeared once a response was made and each trial was separated by a fixation cross of variable duration (jitter: 2-5 seconds). Before scanning, participants completed a practice session and care was taken to ensure that each participant fully understood task instructions. 
[image: ]
Figure 1. Schematic representation of encoding and retrieval sessions in the scanner.
After the scanning session, participants took part in a free recall task, the aim of which was to examine whether older adults retrieved a smaller amount of details from the pictures than young adults, as was the case in the study of McDonough et al. 2014 in which the reduced brain activation observed in older adults during retrieval was congruent with their lower performance on the post-scan memory measure. During this free-recall task, participants were presented with all the target labels seen in the scanner and were invited to recall as many details from the pictures as they could. Responses were self-paced and trial order was randomized. Free-recall was recorded and verbal responses were coded by the first author. Six categories were created to account for different types of recalled details: person, object, perceptual, spatial, quantity, and thought (see Folville et al., 2019 for a more detailed description of the coding). The total amount of episodic details was computed for each label (e.g., the following recall description “There was a red (1 perceptual) car (1 object) on the right of the picture (1 spatial), it reminded me of my car (1 thought)” contained four details). A second trained rater who was blind to age groups coded a random selection of 20% of the data. Intraclass Coefficients of Correlation revealed excellent agreement between the two raters (ICC = .97) regarding the total amount of episodic details. Finally, participants filled in the Vividness of Visual Imagery Questionnaire (VVIQ, Marks, 1973) and older adults’ cognitive functioning was assessed with the DRS.

2.3 MRI acquisition 
Images were acquired using a 3T Siemens Scanner (Magnetom Prisma). T2-weighted Echo-Planar imaging (EPI) was used (number of slices = 36, TR = 2246 ms, TE = 30 ms, FA 90°, FOV 192 x 190mm² , voxel size 3 x 3 x 3.75 m³, interleaved slice ordering) for encoding and retrieval sessions. Around 303 and 330 functional volumes were acquired respectively at the encoding and retrieval sessions. The first 3 volumes of each session were discarded to account for T1 saturation. A structural MR scan was acquired between the two EPI sessions with the following parameters: T1-weighted 3D magnetization-prepared rapid acquisition gradient echo (MP-Rage), TR = 1960 ms, TE = 4.43 ms, FOV 230 x 173 mm², voxel size 0.9 x 0.9 x 0.9 mm³. After the two EPI acquisitions, field maps were acquired using two gradient-recalled sequences (TR= 367 ms, TE= 4.92 & 7.38, FA 90°, FOV 230 x 230 mm²).

2.4 fMRI data analyses
2.4.1 Preprocessing 
Preprocessing of the data was conducted with SPM 12 (Wellcome Trust Center for Neuroimaging, London, United-Kingdom). For each subject, both EPI time-series were reoriented into the MNI space using the SPM template, then corrected for motion and distortion using Realign and Unwarp (Andersson et al. 2001) together with the FieldMap toolbox (Hutton et al., 2002), and coregistred to the corresponding structural image. The structural image was then segmented into grey and white matter using the “unified segmentation” approach (Ashburner & Friston, 2005). The warping parameters were then separately applied to the functional and structural images to produce normalized images with isotropic voxel size of 2 and 1 mm, respectively. Finally, the warped functional images were spatially smoothed with an isotropic Gaussian kernel of 8 mm of full-width at half maximum (FWHM). Artifact reduction software (ART; http://www.nitrc.org/projects/artifact_detect) was used to account for motion artifact and outliers in the global mean signal intensity.  

2.4.2 Univariate analyses
For each participant, BOLD responses were modelled using the General Linear Model (GLM) implemented in SPM12. At retrieval, regressors of interest were modelled as epochs that began when the label was presented and finished when it disappeared (5 seconds). The design matrix included 8 types of regressors: targets that were forgotten and received a 0 vividness response, targets that received a low (1 or 2) vividness response, targets that received a high (3) vividness response, targets that did not receive any response, lures that were correctly rejected and that received a 0 vividness response, lures that elicited a false alarm and that received either a 1, 2 or 3 vividness response, lures that did not receive any response, and finally the vividness scale.  The analysis focused on 2 events of interest: targets that received a high (3) vividness response and correctly rejected lures that received a 0 vividness response. Besides, each design matrix included realignment and nuisance parameters to model movement-related variance. 
In order to assess age-related changes in the neural correlates of the retrieval of pictures associated with high vividness ratings, we first generated at the individual subject level (first level) a contrast comparing cerebral activity for high (3) versus 0 vividness (lure labels that were correctly recognized as such), corresponding to conditions that both engage memory retrieval mechanisms but that differ in terms of subjective phenomenology (in other words, correct rejections were used as a baseline; see also McDonough et al. 2014).  The contrast images were then submitted to a second-level analysis corresponding to a random effects model in which subjects were considered as random variables. These individual contrast images were used to analyze neural activity common to both age groups, as well as between-group differences. A null conjunction analysis was used to identify common brain regions that supported the retrieval of highly vivid memories in both young and older adults. Two-sample t-tests were used to assess age-group differences (Young > older & Older > young contrasts). As expected, older adults were found to give very high vividness ratings (see behavioural results section). Although this is congruent with the literature, this implied that most of the older participants did not provide a sufficient amount of low vividness ratings (vividness of 1 or 2) to analyse their neural correlates. This pattern of result may be caused by the fact that we did not ask participants to distribute their responses across the three memory ratings (to avoid any influence of task instruction on participants’ responses). Therefore, we could not contrast high versus low vividness ratings between young and older adults in the univariate analysis (see also McDonough et al. 2014 for a similar approach)[footnoteRef:1].  [1:  Note that in young participants, this contrast (strong > weak hits) replicated McDonough’s results, showing extended clusters of activation in the left posterior cingulate cortex/precuneus, left angular gyrus and left prefrontal cortex. ] 

The statistical threshold for all contrasts was set at p<.001 (uncorrected at the voxel-level) with a 14 voxel extent (k) to correct for multiple comparisons at p<.05. This threshold was determined by Monte Carlo simulations with 10.000 iterations (Slotnick et al. 2003), similarly to recent studies (Ford & Kensinger, 2016; Madore et al. 2017).

2.4.3 Representational Similarity Analyses (RSA)
To examine Encoding-Retrieval Similarity in young and older participants, we used RSA with a similar approach as previous studies conducted in young adults (Wing et al. 2015; Oedekoven et al. 2017). The unsmoothed preprocessed fMRI images[footnoteRef:2] were used for these analyses. For both encoding and retrieval, a beta value was generated for each single trial. Trials were modelled as 0 second-duration (see Wing et al. 2015 for a similar approach with a comparable procedure) along with regressors corresponding to realignment and nuisance parameters to model movement-related variance. These beta maps were subsequently used to perform RSA analyses with the CoSMoMVPA toolbox (Oosterhof et al. 2016) and customized scripts. 	
For each trial, we computed ERS at the item level (corresponding to the similarity of patterns of brain activity between the encoding and retrieval of a given item) and at the set level (referring to the comparison of the patterns of brain activity associated with the retrieval of a given item with patterns of brain activity associated with the encoding of the remaining items). While the set level measures the general reactivation of pictorial information, the item level measures the specific reactivation of a given picture. Thus, any difference observed between the item and the set level indicates that cognitive processes specific to an individual picture were reactivated during retrieval. For both the item and set levels, a searchlight procedure (Kriegeskorte et al. 2008) with a vectorized 3 x 3 x 3 voxel cube was applied to the betas and Fisher-Transformed Pearson correlations were used to measure ERS. In the item-level ERS analysis, the correlation was computed between encoding and retrieval for each item (e.g., oil well x oil well). In the set–level ERS analysis, for a given item, the retrieval of this item was correlated with the encoding of the remaining items (e.g., oil well x bedroom, oil well x garden, oil well x couple, and so on) and the correlations were averaged. Thus, for each item and for each voxel, we obtained a correlation value for the item and the set level. In SPM12, we conducted a 2 Age-groups (young vs. older) x 2 Levels (item vs. set) factorial ANOVA on ERS maps. We used a cluster-defining threshold of p< .001 with clusters significant at p< .05 (FWE cluster corrected) as done previously (Bird et al. 2015; Oedekoven et al. 2017).  [2:  Images of the encoding session were preprocessed in the same way as the retrieval session.] 

The data, codes and scripts used in the current study can be obtained upon request.

3. Results
3.1 Behavioural results
Groups did not differ in their subjective reports of mental imagery (VVIQ), t(41)= 0.53, p= .60, d= 0.16. Participants of both groups were similarly able to discriminate between targets and lures, t(41)= 1.08, p= .28, d= 0.34 (hits minus false alarms values are reported in Table 1). As mentioned in the Methods section, older adults unequally distributed their vividness ratings to targets. While young and older adults gave similar rates of 0 vividness to targets, t(41)= 1.64, p= .10, d= 0.51, older adults reported more high vividness ratings, t(41)= -2.99, p= .005, d=  -0.93, and fewer low vividness ratings, t(41)= 2.66, p= .01, d= 0.83, than young adults. Consequently, older adults were found to provide, on average, higher vividness ratings than young adults, t(41)= -2.53, p= .01, d= -0.79 (see Table 1).
Two older participants were excluded from the analysis of post-scan free recall due to recording malfunction. Group comparison revealed that older adults recalled on average fewer episodic details per trial than young adults, t(39)= 4.37, p< .001, d= 1.36 (see Table 1). Furthermore, older adults recalled fewer episodic details than young adults when considering only trials that received high vividness ratings in the scanner, t(39)= 6.87, p< .001, d= 2.20. 
3.2 Functional MRI data
3.2.1 Univariate analyses: Age-related differences in the retrieval of highly vivid memories 
The conjunction analysis revealed common activity for young and older adults during the retrieval of studied pictures associated with high vividness judgments in regions of the Core Recollection Network (Rugg & Villberg, 2013), including the superior prefrontal gyrus and posterior cingulate cortex (Table 2). The young > older contrast showed that memory retrieval was associated with greater activity in the bilateral precuneus in young adults[footnoteRef:3] (Table 2 and Figure 2). No region survived the statistical threshold of significance for the reverse contrast (older > young adults).  [3:  To ensure that the observed age-difference in brain activity in the bilateral precuneus could not be attributed to less grey matter density in these regions in older than in young adults, we conducted a Voxel-Based Morphometry (VBM) analysis. Detail of this analysis can be found in supplementary materials. Briefly, whole-brain VBM analysis between young and older adults revealed significant reductions in grey matter density in frontal and temporal regions while no difference was observed in the bilateral precuneus (BA 7). This result suggests that the functional difference we found between age-groups in the bilateral precuneus cannot be attributed to reduced grey matter density in older individuals.] 


Table 2. Univariate analyses: Peak coordinates for the conjunction and group comparison analyses in the fMRI retrieval session. 
	                            Region                       Hemisphere
	   BA                    MNI coordinates 
	t-value
	k

	
	
	
	x
	y
	z
	
	

	Univariate Analysis
	
	
	
	
	
	

	Conjunction analysis

	Superior frontal gyrus
	L
	10
	0
	56
	8
	4.38
	139

	Posterior cingulate
	L
	23
	-6
	-49
	35
	4.49
	25

	Middle frontal gyrus
	L
	8
	-24
	35
	43
	3.84
	14

	Anterior cingulate
	L
	24
	-3
	35
	8
	3.82
	14

	Young > older
	
	
	
	
	
	
	

	Precuneus
	L
	7
	-18
	-67
	56
	4.32
	76

	Precuneus
	R
	7
	21
	-70
	56
	3.99
	44


BA=Brodmann area; L=left; R=right



[image: ]
Figure 2. Age-group difference (Young > older) in activation of the bilateral precuneus during the retrieval of pictures associated with high vividness ratings (vividness 3 > lures). Left: Significant clusters of activation rendered in a T1 canonical image. Right: Bar plots showing beta values as a function of trial type and group.
3.2.2 Representational-Similarity-Analyses
The 2 Age-groups (young vs. older) x 2 Levels (item vs. set) factorial ANOVA on ERS values maps of high vividness trials yielded a significant Age-groups x Levels interaction with the contrast [(young-item)-(young-set)>(old-item)-(old-set)] in PCC/retrosplenial cortex (right BA 23/30, t=4.53, k=47, see Figure 3 A). This interaction showed that item values were higher than set values in young adults but not in older adults (see Figure 3 B), suggesting that the reinstatement of item-specific patterns of brain activity during retrieval was not observed and even seems to be reversed in older adults. Note that at a more liberal threshold (p< .001 with a 10 voxel extent (k), as used in some previous studies; Wing et al. 2015; Staresina et al. 2012)), three additional clusters showed the same pattern of results (i.e., an Age-groups x Level interaction): right fusiform/parahippocampal gyrus, left superior parietal cortex and left cerebellum.		
[image: ]
Figure 3. A. Encoding-Retrieval-Similarity: Age-group (Young vs. older) x Level (item vs. set) interaction in the posterior cingulate/retrosplenial cortex. Cluster-defining threshold of p < .001 with clusters significant at p< .05 (FWE cluster corrected). B. Bar plot showing the Age-group x Level interaction with the mean of Fisher’s correlation values in posterior cingulate/retrosplenial cortex. Error bars represent +- 1 Standard Error of the mean (SEM). 





4. Discussion

The present study aimed to clarify the basis of the age-related dissociation between objective and subjective recollection by comparing the neural correlates of vivid episodic recollection in young and older adults. Young and older adults performed a cued-recollection task that involved pictures associated with labels. When cued with the label, older adults recalled fewer episodic details than young adults for pictures that received high memory vividness ratings, suggesting that they did not retrieve as detailed memory representations as young adults did. Moreover, univariate fMRI results showed that, although both young and older adults activated key components of the Core Recollection Network (Rugg & Villberg, 2013; Wang et al. 2016), young adults activated the bilateral precuneus to a greater extent than older adults during vivid recollection. Additionally, ERS analyses revealed a higher posterior cingulate/retrosplenial reactivation for specific stimuli representations (i.e., item level) than for general cognitive processes (i.e., set level) in young but not older adults.
4.1 Age-related changes in subjective vividness and objective recall
Our result that vividness ratings were on average higher in older than young adults replicates previous findings (Comblain et al. 2005; St-Laurent et al. 2014; De Brigard et al. 2016). Several factors could explain why older participants assigned higher vividness judgements than their younger counterparts. First, older adults’ understanding of vividness may differ compared with young adults. More specifically, older adults could use a different criterion for defining the vividness of their memories, so that they would anchor their judgements higher in the vividness scale than young adults (St-Laurent et al., 2011). Moreover, young and older adults could attend to different types of information both during memory encoding and retrieval, and consequently use different types of features to judge the subjective vividness of their memories (Johnson et al., 2015; Mitchell & Hill, 2019). Alternatively, older adults could assign higher vividness judgements than young adults because of their tendency to present themselves in a favourable way. Indeed, older individuals tend to display higher scores in social desirability than young adults (Dijkstra et al., 2001), and this social desirability tendency is correlated with their self-report of metacognitive efficiency (Fastame & Penna, 2011). Therefore, one could hypothesize that older adults assigned high subjective vividness judgements to give a positive impression and to avoid falling into aging stereotypes (i.e., the commonly shared vision that older adults’ memory capacities are diminished). 
Critically, the age-difference in subjective ratings did not match the actual amount of retrieved episodic details since older adults recalled fewer details than young adults (Hashtroudi et al. 1990; Robin & Moscovitch, 2017; Folville et al., 2019), and this was particularly pronounced when considering pictures that received high vividness ratings. Thus, these results add to a growing body of research suggesting that older adults overestimate their subjective memory experience with regard to the amount of episodic details they manage to retrieve (Mitchell & Johnson, 2009; Folville et al., 2019).

4.2 Age-differences in the neural correlates of vivid remembering
The current study investigated the neural correlates of highly vivid memories as a way to shed some light on the cognitive mechanisms contributing to subjective memory dimensions in young and older adults. When vividly remembering pictures, both older and young adults activated components of the Core Recollection network such as the posterior cingulate cortex and the prefrontal cortex (Rugg & Villberg, 2013). However, age-group differences were also observed, notably greater brain activity in the bilateral precuneus in young than older adults. Critically, the age-difference in brain activity in the precuneus could not be attributed to an age-reduction in grey matter density in this region (as shown by a VBM analysis). Although the precuneus has been recently identified as a key brain region associated with subjective memory ratings, its cognitive functions remain a matter of discussion (St-Laurent et al. 2015; Richter et al. 2016). According to one view, the precuneus supports metacognitive memory decisions and is functionally connected to the medial prefrontal cortex (Baird et al; 2013), a region associated with confidence judgements (Chua et al. 2009). Partial support for this view comes from memory evaluations of patients with bilateral parietal lesions (including the precuneus) that demonstrated spared source memory but reduced confidence in their memory (Simons et al. 2010). Another recent study provided direct causal evidence for the role of the precuneus in metamemory by showing reduced confidence following TMS on this region (Ye et al. 2018). 
Beyond metacognitive decisions, the right precuneus is also thought to play a role in autobiographical remembering and the volume of this region has been related to the use of a first-person perspective and recall of perceptual details in autobiographical memory tasks (Freton et al. 2014; Ahmed et al. 2018). Further evidence for the role of the precuneus in the reinstatement of contextual details has been provided by fMRI studies that used source memory tasks (Lundstrom et al. 2005; Bonni et al. 2015). Besides, the left precuneus has been related to mental representations of specific past events (Gardini et al. 2006) and visually vivid memories (Wheeler et al. 2000), and has been found to be activated in many visual imagery tasks (see Winlove et al. 2018 for a meta-analysis). Thus, the engagement of the precuneus in episodic retrieval may reflect a broader role in mental imagery mechanisms. Support for this interpretation comes from a study of Fletcher et al. (1995) that found bilateral precuneus activation when participants recalled imageable relative to nonimageable pairs of words. More recently, Sreekumar et al. (2018) showed that the retrieval of vivid relative to non-vivid autobiographical memories activated the right precuneus. Finally, the precuneus is involved in the shift of visual perspective (egocentric vs. allocentric) during autobiographical remembering (St-Jacques, Spuznar & Schacter, 2017). Thus, the greater activity observed in the precuneus in young adults in the current study might reflect the reinstatement of subjectively rich memory representations that are likely to encompass visual details from the encoded items. In this view, the precuneus might contribute to the construction of rich and specific mental representations based on retrieved visual details, which could then serve as a basis for subjective memory judgements such as vividness or metamemory confidence in young adults (Sreekumar et al. 2018). 

4.3 Age-related differences in cortical reinstatement 
When more directly investigating the reinstatement of encoding-related patterns of brain activity during retrieval, we found that, in young adults, ERS values were higher for item relative to set levels in the posterior cingulate/retrosplenial cortex, which replicates previous findings (Wing et al. 2015; Bird et al. 2015; Oedekoven et al. 2017). Such cortical reinstatement effects in the posterior cingulate cortex have been attributed to high-level stimulus representations; for instance, Wing et al. (2015) suggested that the posterior cingulate/retrosplenial cortex is involved in the processing of the contextual frame related to the picture/label, both during encoding and retrieval. In line with this assumption are studies that have pointed out a role of the retrosplenial cortex in the processing of contextual associations (Bar, 2004), with higher brain activity observed in the retrosplenial cortex during the visual processing of objects that are highly associated with a specific and unique context (e.g., a stove) relative to objects that can be found in various contexts (e.g., a camera) (Bar & Aminoff, 2003). 
Similarly, higher ERS for same relative to different videos in the posterior cingulate cortex may reflect the reinstatement of situational information related to a specific scene (Oedekoven et al., 2017). Indeed, it has been proposed that the retrosplenial cortex is involved in the construction and use of situation models (Ranganath & Ritchey, 2012). Situation models can be defined as a representation of the spatial, causal and social interactions occurring in a particular context (Zwaan & Radvansky, 1998), and the retrosplenial cortex is suggested to act as a gateway between external contextual cues and internal situation models (Ranganath & Ritchey, 2012). A recent review further suggested that the retrosplenial cortex is involved in many spatial processes such as the learning of landmarks, the processing of spatial reference frames and spatial schematic knowledge (Mitchell, Czajkowski, Zhang, Jeffery & Nelson, 2018), even if its precise function is still to be determined (Vann, Aggleton & Maguire, 2009). Whatever it may be, our findings, and those of others (Wing et al., 2015; Oedekoven et al., 2017), suggest that the retrosplenial cortex is engaged during the viewing of scenes and that its specific (item-level) neural representations are reinstated during vivid recollection. 
Our results extend previous findings by showing that the neural representations reinstated in the posterior cingulate/retrosplenial cortex during episodic memory retrieval become less specific in the elderly. In line with the role assigned to this region discussed above, previous studies have shown that older adults demonstrate behavioural impairments in spatial cognition, with lower performance in spatial memory tasks, spatial navigation and learning of landmarks (see Klencklen et al., 2012 for a review). Furthermore, when learning the locations of objects in a virtual environment, older adults show reduced activity in the retrosplenial cortex relative to young adults (Moffat et al., 2007). This finding highlights the role of the retrosplenial cortex in the processing of spatial information and points to this region as a candidate for explaining age-related declines in spatial cognition mechanisms (Moffat, 2009). In the present study, older participants may have had difficulties in reinstating the spatial layout of the complex scenes they previously memorized, which may explain why they exhibited reduced reinstatement effects in posterior cingulate/retrosplenial cortex relative to young adults. 
One alternative, but not mutually exclusive, interpretation relates to the poor specificity of the neural representations of older individuals. Relative to young adults, older participants show less specific and less differentiated (i.e., less distinct) neural representations during the perception and the encoding of complex stimuli in episodic memory (St-Laurent et al., 2014; Zheng et al., 2017). For instance, in a recent study, young and older adults studied adjectives paired with one of eight pictures (4 scenes and 4 objects) (Trelle et al., 2019). The authors examined the similarity between the neural representations associated with a same picture (office vs. office) or different picture categories (scene (office) vs. object (umbrella)). They found higher similarity values in young than in older adults when comparing representations of the same picture (office vs. office), while older participants exhibited higher neural similarity than young adults when comparing representations from different categories (scene vs. object) (Trelle et al., 2019). Older adults also demonstrate less specific neural representations during retrieval, although it may result, at least in part, from the poor neural differentiation observed during memory encoding (St-Laurent et al., 2014). Considering these findings, we suggest that the lack of specificity and differentiation in neural representations of older adults during memory encoding and retrieval could partly underlie the reduced cortical reinstatement effects in the posterior cingulate/retrosplenial cortex observed in the current study.  
Of note, our findings diverge from the results of Wang et al. (2016) who did not find any age-difference in cortical reinstatement (note that the data of this experiment were also analysed by Thakral et al., 2017; Thakral, Wang & Rugg, 2019, who also found that the magnitude of cortical reinstatement effects did not differ between young and older adults). Whether this difference between the two experiments stems from the multivariate approach used (MVPA classifiers vs. RSA), the way the subjective experience of remembering was operationalized (remember judgements vs. vividness) or the material used (pictures and names of objects vs. complex scenes) remains unclear.
It is worth noting that item values of similarity were negative in older adults. Negative values of neural similarity have been previously observed in the retrosplenial cortex (Wang et al., 2018), which may reflect very low similarity between voxels (Dimsdale-Zucker & Ranganath, 2018). The negative item values that we observed in the current study may thus indicate that older participants’ neural representations were particularly devoid of specificity. What is intriguing is that these values for the item level seemed to be lower than those of the set level and we acknowledge that it is difficult to understand such pattern of results based on the current data. A possible explanation for this reversed pattern of item-set similarity may lie in the poor level of neural differentiation of older participants’ neural traces, although this is a speculative and post-hoc explanation. Future studies examining age-related differences in Encoding-Retrieval Similarity should try to shed further light on the mechanisms underlying these differences in cortical reinstatement. 

5. Conclusion
This research investigated the neural correlates of the retrieval of complex pictures in order to shed light on the bases of vivid recollection in young and older adults. When recollecting vivid memories, young adults exhibited greater activity in the bilateral precuneus relative to older adults. ERS analyses further revealed that older adults showed reduced cortical reinstatement in the posterior cingulate/retrosplenial cortex, brain regions known to support the processing of the spatial framework of scenes. Consistently, during the post-scan behavioural recall task, older adults retrieved fewer picture details than young adults despite high vividness ratings. Taken together, these behavioural, univariate and multivariate fMRI results provide new evidence that older adults reactivate less specific stimuli representations than young adults but assign greater subjective vividness to these impoverished representations. This suggests that older adults do not use specific episodic details in the same way as young adults to judge their subjective memory experiences. Further understanding what gives rise to the subjective feeling of remembering in older adults is thus of major interest to better characterize age-related changes in episodic memory functions.
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