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Abstract

Growing evidence indicates decreased fidelity of mnemonic representations to play a role in
age-related episodic memory deficits, yet the brain mechanisms underlying such reductions
remain unexplored. Using functional and structural neuroimaging and a continuous report
task we examined how changes in two key nodes of the posterior-medial memory network,
the hippocampus and the angular gyrus, might underpin loss of memory precision in older
age. An age-related reduction in activity reflecting successful memory retrieval was observed
in the hippocampus, whereas activity associated with graded variation in memory precision
was decreased in the angular gyrus. Grey matter volume of the angular gyrus further
predicted individual differences in memory precision in older age, beyond variation in
successful memory retrieval. These findings highlight the importance of functional and
structural integrity of the angular gyrus in constraining memory precision in older age,
advancing current understanding of hippocampal and parietal contributions to age-related
episodic memory decline.
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Introduction

Human ageing is accompanied with various changes in cognitive function!2. One of the
cognitive domains most vulnerable to age-related deterioration is episodic memory>™*, the
long-term memory that enables us to recollect the spatio-temporal, perceptual, and
emotional details that constitute a prior experience®®. Growing evidence suggests a critical
component of age-related episodic memory loss to be reduced quality and specificity with
which information can be encoded into and retrieved from memory’-%°. Even when able to
successfully retrieve similar amounts of information from memory as younger adults, the
fidelity, or precision, of the retrieved memories appears to be impoverished in older age®1*12,
This decreased precision likely contributes to patterns of memory errors typically observed
with ageing, including the increased false recognition of new information sharing perceptual

features with studied stimulit®13-15,

Neuroimaging findings from younger adults implicate the angular gyrus (AG), a ventrolateral
node of the posterior-medial network involved in episodic retrieval'®!’, as critical for
supporting the fidelity of episodic recollection. AG activity generally increases with
successful episodic retrieval'®, and has been found to correlate positively with both
subjective and objective measures of memory detail and quality*®*-23. The role of the AG in
episodic retrieval can be conceived as complementary to that of the hippocampus (HC);
while hippocampal pattern completion facilitates initial memory access and drives the cortical
reinstatement of mnemonic content sufficient for many mnemonic decisions?+-2¢, the AG is
thought to support online maintenance of the reinstated content necessary for more
qualitative judgments about the detail of prior experiences®?"28, Consistent with this
proposal, multivariate patterns of AG activity during retrieval have been found to represent
individual events'®2° as well as specific event attributes®*3!, enabling a role in fine-grained

mnemonic judgements.

While many studies of age-related episodic memory impairments have focused on the role of
the HC and the surrounding medial temporal cortices®?=3*, it is sometimes overlooked that
ageing also impacts integrity of the wider cortico-hippocampal network®-2’. In particular,
age-related reductions in ventrolateral parietal activation during episodic memory retrieval
have been commonly observed in prior studies®®, often co-occuring with reductions in
hippocampal activity*®. Despite efforts to disentangle the relative contribution of these two
regions to age-related memory deficits, however, the specific role of parietal dysfunction in
ageing remains unclear. Considering prior findings from younger adults?, it is possible that
the ventrolateral parietal cortex may be particularly important for maintaining the fidelity of

episodic recollection in older age. This possibility has not been directly evaluated in prior
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studies that have predominantly relied on categorical assessment of discrete retrieval
outcomes (e.g., old/new, remember/know), which do not allow the mapping of brain function

or structure to more graded variation in the resolution of mnemonic representations.

In the current study, we employed functional and structural magnetic resonance imaging
(MRI) in combination with a continuous report paradigm enabling fine-grained assessment of
retrieval fidelity. In the MRI scanner, a sample of healthy young and older adults encoded
everyday objects presented in varying locations and colours on a scene background. At
retrieval, participants were asked to reconstruct these features of the studied objects using a
continuous, analogue scale. A further group of older adults underwent a structural MRI scan
and completed the identical memory task outside of the scanner. On the basis of prior
findings from younger adults implicating the AG in mnemonic precision?>%°, as well as
evidence for age-related alterations in this region®, we predicted reductions in functional and
structural integrity of the AG to contribute to loss of episodic memory precision in older age.

Encoding

Figure 1. Memory task design. During encoding, participants viewed object-scene displays
(stimulus duration: 5s). The location and colour of studied objects were randomly drawn from
circular parameter spaces (0-360°). At test, participants were asked to recreate either the
location or the colour of each studied object by moving a slider around a 360° continuous

response dial (maximum response time 11s). Retrieval error on each trial was measured as
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the angular difference between participants’ response value and the original encoded

feature value.

Results
Differences in memory performance between young and older adults in the fMRI experiment

All participants completed a memory task that involved studying a series of object-scene
displays (see Figure 1, see also refs??4142) Importantly, the colour and location of each
object presented were randomly drawn from circular parameter spaces, allowing us to
assess participants’ memory for these object attributes using a continuous, analogue scale.
We first examined behavioural differences in memory performance between the young (N =
20) and older (N = 19) individuals who took part in the fMRI part of the study. For each trial,
retrieval error was calculated as the angular deviation between the participant’s response
value and the original encoded feature value (response — target, error range: 0 £ 180°, see
Figure 2A for distribution of retrieval errors in each age group). The older adults exhibited
significantly higher mean absolute retrieval error (M: 43.65, SD: 8.29) than the younger
adults (M: 30.43, SD: 15.04), t(37) = 3.38, p = .002, d = 1.08, indicating overall poorer
memory performance in the older group. To distinguish whether such performance
reductions may reflect age-related decreases in the likelihood of successfully retrieving
information from memory, or in the precision of the retrieved information, we further fitted a
two-component mixture model*®44 to each individual participant’s retrieval error distribution
(see Methods for details and Figure 2A for aggregate model fits). Examination of the model
parameters indicated that both the probability of successful retrieval of object features (i.e.,
probability of responses stemming from a von Mises distribution centred at the target object
feature, pT), t(37) = 2.30, p =.027, d = .74, as well as the precision with which these
features were retrieved (i.e., variability in memory error when retrieval was successful,
estimated as the concentration parameter, Kappa, of the target von Mises distribution), t(37)
=4.61, p<.001, d = 1.48, were reduced in older compared to younger adults (see Figure
2B). Thus, when compared to the younger adults, the older adults demonstrated both
reduced success of memory retrieval and reduced mnemonic precision, allowing us to

further probe the neural correlates of these behavioural decreases.
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Figure 2. A) Distribution of retrieval errors across young (N = 20) and older participants (N =
19) in the fMRI experiment. Coloured lines indicate fits of the von Mises + uniform mixture
model*344, fitted to aggregate data in each age group for visualization. B) Mean model-
estimated probability of successful memory retrieval (pT) and memory precision (Kappa) in

each age group. Error bars display + 1 standard error of the mean (SEM).

Age differences in the hippocampus and the angular gyrus during memory retrieval

We next sought to examine age differences in memory-related activation of two key regions
of the posterior-medial memory network, the HC and the AG, during retrieval. Across
participants, we observed activity in both the HC, t(37) = 7.25, p < .001, peak: -24, -18, -12,
and the AG, t(37) = 5.27, p = .001, peak: -39, -63, 21, to be significantly increased for
successful compared to unsuccessful retrieval. Similarly, across participants, BOLD signal in
the HC, t(37) = 5.63, p <.001, peak: -27, -15, -15, and the AG, t(37) = 6.13, p <.001, peak: -
54, -66, 33, correlated with trial-wise variation in mnemonic precision. Examining age-related
differences in BOLD activity associated with these two aspects of memory retrieval, we
observed significant age-related reductions in retrieval success effects in the HC, t(37) =
3.79, p =.024, peak = -18, -6, -12. Although increased hippocampal activity was detected for
successful trials in both younger, t(19) = 6.06, p = .001, peak = -30, -15, -12, and older
adults t(18) = 4.37, p = .021, peak: -24, -18, -12, this effect was reduced significantly in older
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age (see Figure 3A). A non-significant trend in the same direction was observed in the AG,
t(37) = 3.23, p =.093, peak = -39, -60, 21, with both young, t(19) = 5.48, p = .003, peak: -39,
-63, 21, and older adults, t(18) = 4.47, p = .020, peak: -42, -54, 24, nevertheless

demonstrating significant retrieval success effects in the AG also.

Conversely, significant age-related reductions in retrieval precision effects were detected in
the AG, t(37) = 3.67, p = .033, peak = -48, -69, 36 (see Figure 3B). Whereas in younger
adults AG activity was significantly modulated by the precision of memory retrieval, t(19) =
5.50, p =.003, peak: -54, -66, 33, no significant precision effects were detected in the older
adult group alone (ps > .152). Hippocampal activity associated with memory precision, on
the other hand, did not significantly differ between the age groups (ps > .375). Indeed,
significant modulation of hippocampal BOLD signal by memory precision was observed in
both young, t(19) = 4.78, p = .008, peak = -27, -18, -18, and older adults, t(18) = 4.68, p =
.012, peak = -30, -27, -15. No additional age differences in retrieval success or retrieval
precision effects survived a whole-brain corrected threshold in exploratory whole brain
analyses (ps > .077).

Given prior evidence for functional specialization of activity associated with success and
precision of episodic memory retrieval®?, we further extracted the mean beta-values
corresponding to the retrieval success and retrieval precision effects from the anatomical HC
and AG ROI, and subjected them to a 2 (region) x 2 (measure) x 2 (age group) ANOVA (see
Figure 3C and 3D). This analysis indicated a significant interaction between region and
measure, F(1,37) = 5.41, p = .026, ny* = .13, that was driven by greater AG activity
associated with memory precision than with retrieval success, t(38) = 3.12, p =.004, d = .50,
whereas activity associated with the success and precision of memory retrieval did not
significantly differ in the hippocampal ROI (p = .546). There was no further 3-way interaction
between age group, region, and measure (p = .120), although the age-related reduction in
memory precision effects in the AG was marginally greater than any age difference observed
in the HC for precision-related BOLD signal, F(1,37) = 3.57, p = .067, ny? = .09.
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Figure 3. Age-related reductions (younger adults > older adults) in BOLD signal associated
with the (A) success and (B) precision of memory retrieval within the (A) hippocampal and
(B) angular gyrus ROI, displayed at an uncorrected threshold p < .01 for visualization. Mean
beta-values for the (C) retrieval success and (D) retrieval precision effects in each age group

and anatomical ROI. Error bars display £ 1 SEM.

Relationship between variation in local grey matter volume and memory performance in

older age

Examining the full sample of older individuals who took part in the study (N = 49; memory
task completed in-scanner for 20 individuals and outside of the scanner for 29 individuals),
we further investigated whether individual differences in grey matter (GM) volume of the HC
and the AG were related to variation in episodic memory performance. Controlling for sex,
education, and testing environment, we observed a significant positive association between
older age and mean absolute retrieval error on the continuous report task, r = .33, p =.027,
indicating that in addition to detecting differences between young and older adults, the task
was sensitive to age-related variation in memory performance within the older adult sample.

Examining variation in the model-derived estimates of memory performance, we observed a
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significant negative correlation between age and memory precision, r =-.49, p <.001
(Figure 4B), whereas no significant association between age and retrieval success was
detected, r = -.08, p =.619 (Figure 4A). Indeed, the correlation between age and memory
precision was significantly stronger than the association between age and the probability of

successful retrieval, z = 2.36, p = .018.

Moreover, voxel-based morphometry (VBM)* analyses indicated a significant association
between AG GM volume and individual differences in memory precision, t(42) = 3.74, p =
.026, peak: -46, -68, 24 (Figure 4C and 4D). In contrast, HC volume was not significantly
associated with memory precision or the probability of successful memory retrieval within the
full older adult sample (ps > .133). No significant association between AG GM volume and
probability of successful memory retrieval was detected (ps > .722). Indeed, when including
probability of successful memory retrieval as an additional covariate in the model, we still
observed a significant association between AG volume and memory precision, t(41) = 3.75,
p =.027, peak = -46, -68, 24, suggesting specificity of this relationship to mnemonic
precision. Exploratory whole-brain analyses did not reveal any further regions where
variation in GM volume was associated with either the precision (ps > .185) or the success
(ps > .789) of memory retrieval, although there was a trend toward a positive association
between GM volume in the inferior temporal gyrus and memory precision, t(42) =5.03, p =
.061, peak: 50, -57, -9.
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Figure 4. Relationship between age and the model-derived estimates of A) retrieval success
and B) retrieval precision in the full older adult sample (N = 49). C) Angular gyrus region
displaying an association between grey matter (GM) volume and memory precision in older
age, visualized at an uncorrected threshold of p < .01. D) Relationship between angular
gyrus GM volume and memory precision (GM volume extracted from the cluster showing a

relationship to memory precision at p < .001 uncorrected).

Discussion

Here, we examined the contribution of two regions of the posterior-medial memory network,
the HC and the AG, to age-related memory reductions. Employing model-based analyses of
participants’ retrieval performance, we observed both the probability of successful memory
retrieval and mnemonic precision to be reduced in older compared to younger adults. Of
these two measures, memory precision, but not likelihood of successful retrieval, was also
negatively associated with age within a larger older adult sample. Analyses of fMRI data
acquired during retrieval indicated an age-related reduction in hippocampal activity reflecting

successful retrieval of object features, whereas activity associated with memory precision
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was reduced in the AG. Moreover, variation in AG GM volume predicted individual
differences in mnemonic precision in older age, beyond any association with successful
retrieval in general. Taken together, these findings suggest diminished memaory precision in

older age to be linked with declining structural and functional integrity of the AG.

The current finding of age-related decreases in hippocampal activation aligns with prior
evidence emphasizing a contribution of hippocampal dysfunction to memory failures in older
age323446-48 gpecifically, in the older group, we observed diminished, albeit still significant,
increases in hippocampal activation for trials resulting in successful recovery of object
features when compared to trials that reflected guessing. This finding is consistent with other
studies observing age-related reductions in hippocampal recollection success effects394°,
Critically, variation in the magnitude of hippocampal signal reflecting successful memory
retrieval has been observed to predict inter-individual differences in memory performance
across the lifespan®, as well as longitudinal changes in episodic memory in older age?®,
highlighting the functional significance of such effects. It is possible that the hippocampal
decreases observed here may in part reflect an age-related deterioration of hippocampal
pattern completion, a mechanism by which the HC enables the recovery and reinstatement
of a complete encoded memory representation from a partial or noisy cue?*°*, This
interpretation is consistent with prior studies demonstrating reductions in both behavioural
and neural indices of pattern completion in ageing*®°2°3, An additional contribution of
extrahippocampal processes to reduced memory accessibility is also possible, based on the
current data. In particular, a trend-level reduction in retrieval success effects was evident in
the AG in the older group. Given emerging insights about the temporal sequence of
hippocampal and parietal retrieval operations, with hippocampal signal reflecting successful
retrieval preceding that of the posterior parietal cortex®**°, it is possible that such a reduction
could reflect impoverished input from the HC to the rest of the posterior-medial network in
ageing.

In contrast, we did not observe significant age-related reductions in precision-related activity
in the HC, where trial-wise variation in BOLD signal during successfully retrieved trials was
positively associated with variation in the degree of memory error in both age groups.
Instead, the older group displayed diminished precision-related activation in the AG,
suggesting that a dysfunction of cortical components of the posterior-medial network may
play a greater role in decreased retrieval fidelity in older age. A retrieval-related impairment
is consistent with behavioural evidence indicating loss of representational fidelity during
perception or working memory to be insufficient to account for age-related decreases in

long-term memory precision®. The current age-related differences observed in the AG further
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align with accounts that emphasize a critical contribution of this region to qualitative aspects
of episodic remembering®?8, including the precision®224° detail-richness?:?3, and
vividness!®20-2° of memory retrieval. Along with other regions of the default-mode network
(DMN), the location of the AG at the apex of a cortical connectivity hierarchy is thought to
enable a cross-domain role in representation of internal information that may be untied to
immediate sensory input®®’. In particular, the AG has been proposed to act as a dynamic,
domain-general, ‘buffer’, supporting the online representation of multi-modal information in a
consciously accessible form?” (see also refs®®%). During episodic retrieval specifically, such
a role would be complementary to the hippocampus, enabling the sustained maintenance
and elaboration of specific event details reinstated in modality-specific cortical regions®16-28,

Consistent with prior observations??#2, BOLD activity in the AG correlated with trial-wise
variation in memory precision in the younger group, but no such memory-related modulation
was detected in the older group alone. This suggests that the older adults may have been
less able to flexibly modulate AG activity to support detailed remembering, aligning with
evidence indicating age-related dysregulation of DMN function in response to cognitive
demands®-%2, Given evidence for increased connectivity between medial temporal and
parietal regions with increasing precision of memory retrieval®?, it is also possible that the
diminished relationship between AG activation and memory precision in older age could in
part reflect impoverished inputs from the HC to the AG, even though no local hippocampal
age differences relating to memory precision were observed in the present data.
Interestingly, contrasting the apparent lack of precision-related modulation of AG activity in
the older group observed here, a recent electroencephalography (EEG) study observed
parietal event-related-potentials (ERPS) to be sensitive to the accuracy of remembered
object locations in older age®, consistent with earlier findings by the same authors from a
younger cohort®®, However, as no younger control group was included in the first study
mentioned®, it remains unclear whether a similar age-related reduction for parietal ERPs
would be observed as for modulation of parietal BOLD signal in the current study. Indeed,
consistent with the current findings, other recent evidence suggests age-related reductions
in the modulation of parietal ERPs by memory specificity, with such an effect being absent in

older age®®.

The VBM analyses involving the full sample of older adults provided further support for a
contribution of neural differences in the AG to decreases in memory precision in older age.
Specifically, we observed AG GM volume to be positively associated with individual
differences in memory precision, even after accounting for variation in the probability of

successful memory retrieval. Heteromodal cortical regions, such as the ventrolateral parietal
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cortex, appear particularly sensitive to age-related grey matter loss®’-%°, highlighting the
possibility that such a relationship may in part reflect the degree of age-related deterioration
of this region. However, we note that longitudinal data are required to evaluate this
interpretation. Moreover, despite the functional age differences observed in the HC, we did
not observe any significant associations between hippocampal volume and the success, or
precision, of memory retrieval. Given that only mnemonic precision was significantly
associated with age within our older adult sample, it is possible that precision may have
provided a more sensitive marker of structural brain integrity within the current dataset.
Moreover, given the small size and structural complexity of the HC, and the contribution of
different hippocampal subfields to distinct mnemonic processes’, more fine-grained
assessment of structural integrity of this region may be required to detect relationships with
behaviour. Indeed, both patient'!"*2 and neuroimaging evidence*¢37374 suggests a
contribution of the medial temporal lobes to memory precision, with the HC perhaps playing
a particular role at encoding in facilitating the formation of high-fidelity associations between

units of information*-7275,

While both the probability of successful memory retrieval and mnemonic precision were
impaired in the older relative to the younger group, of these two measures only mnemonic
precision displayed a significant negative association with age in the full older sample. The
association between age and memory precision was stronger than any relationship between
age and probability of successful retrieval, highlighting the potential benefit of this measure
for detecting early age-related memory deficits. Indeed, the neuroimaging findings
implicating the AG in reduced memaory precision in older age are also interesting considering
the locus of early accumulation of age-associated pathology in the brain, with amyloid-
accumulation detected early in heteromodal cortical regions, and the DMN in particular’®’’,
Future research is required to assess whether continuous measures of long-term memory
retrieval, such as the task used here, could be advantageous for detecting early signs of
pathological memory changes in ageing. Indeed, within working memory assessment, similar
paradigms have been shown to capture variation in short term memory performance related
to genetic risk of developing dementia-2° (although the extent to which this link might

extend to long-term memory is unclear??).

The age-related decreases in behavioural memory precision observed here and in previous
studies®112 parallel neuroimaging evidence indicating age-related reductions in the
specificity of neural representations during both memory encoding and retrieval*82-8_ An
interesting question for future studies to address is whether reduced fidelity of neural

representations in the AG during retrieval may in part explain the reductions in memory
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precision seen in ageing. Such a contribution would align with recent evidence indicating
reduced memory reinstatement specificity in the AG to predict unique variance in episodic
memory performance in older age, beyond hippocampal activation at retrieval“®.
Interestingly, work in younger adults has also demonstrated transcranial magnetic
stimulation of the posterior-medial memory network via the AG to specifically enhance the
precision of episodic recollection*°, suggesting a potential avenue for boosting the fidelity of
episodic memory in older age also.

Despite common findings of age-related reductions in ventrolateral parietal activation during
episodic retrieval®, the functional significance of such reductions has remained unclear.
Here, we provide converging evidence for a contribution of both functional and structural
integrity of the AG to age-related reductions in memaory precision; an emerging key
component of age-related memory decline. Further research is needed to assess whether
such measures may also be useful for detecting pathological memory changes in older age.

Methods
Participants

Twenty-one younger (18-29 years old) and 53 healthy older adults (60-87 years old) took
part in the current study. Two older participants failed to complete the full study and were
therefore excluded. Functional and structural imaging data were acquired for all younger
participants and for 21 of the older individuals, whereas 30 older individuals took part in a
structural scan only and completed an identical memory task outside of the scanner. All
participants were right-handed, native English-speakers, had normal or corrected-to-normal
vision, no colour blindness, and no current or historical diagnosis of any neurological,
psychiatric, or developmental disorder, or learning difficulty. Participants further indicated no
current use of any psychoactive medication, and no medical or other contradictions to MRI
scanning. Data from two older individuals was excluded from all analyses due to behavioural
performance > 3 SDs from the group mean. For analyses of the fMRI data, one younger and
one older adult were further excluded due to excessive movement in the scanner (> 4mm).
Thus, the final sample sizes for the current analyses consisted of 20 younger and 19 older
adults for the fMRI analyses and of 49 older adults for the structural VBM analyses (see
Table 1 for participant demographic information). All older participants scored within the
healthy range (= 26, M: 28.51, SD: 1.34) on the Montreal Cognitive Assessment (MoCA)

screening tool®”. The young and older adults taking part in the fMRI experiment did not differ
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in terms of the number of years of formal education completed, t(37) = 0.44, p = .664,
whereas the older adults had significantly higher scores on the Shipley Institute of Living
Vocabulary Score (SILVS)® measure of crystallized intelligence, t(37) = 4.03, p <.001, d =
1.29, as typically observed in ageing studies®. Moreover, the groups of older adults taking
part in the fMRI scan and the structural part of the study only did not significantly differ in

terms of age, education, MoCA or Shipley scores (ps > .119).

All participants were recruited via the University of Cambridge Memory Lab volunteer
database, University of Cambridge Psychology Department Sona volunteer recruitment
system (Sona Systems, Ltd), and community advertisements. Volunteers were reimbursed
£30 for their participation and for any travel expenses incurred, and gave written informed
consent in a manner approved by the Cambridge Psychology Research Ethics Committee.

Table 1. Participant demographic information.

Younger adults Older adults
N 20 49
Age 22.15 (3.10) 70.94 (5.32)
Gender (N) 8M,12F 18M,31F
Years of education 16.90 (2.79) 16.29 (4.75)
SILVS 32.50 (3.91) 36.98 (1.91)
MoCA n/a 28.51 (1.34)

Note. M = males, F = females.

Materials

The memory task stimuli consisted of 180 images of everyday objects and 180 images of

outdoor scenes that were randomly paired to form a set of 180 trial-unique encoding displays
(size: 750 x 750 pixels) (see Figure 1). The location and colour of the object on each display
were randomly sampled from circular parameter spaces (0-360°). All participants learned the

same encoding displays.
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Design and procedure

The continuous report task has been described in detail in Korkki et al.*!. A total of 9 study-
test blocks were completed (see Figure 1). For the participants in the fMRI part of the study,
each block was completed during one functional run (i.e., 9 functional runs in total, one study
and one test phase per run). In each task block, participants first encoded 20 stimulus
displays in a row (stimulus duration: 5s). After a 10s delay, they were asked to recreate
either the location or the colour of each of the objects previously studied (one feature
guestion per object, total of 20 retrieval trials per block). In the test phase, each object was
presented on its original associated background. For location questions, the test object was
presented in its original colour but in a location randomly drawn from the circular parameter
space, whereas for colour questions the test object was presented in its original location but
in a randomly chosen colour. Participants were instructed to recreate the location or the
colour of the object as accurately as they could by moving a slider around a 360-degree
response dial using their middle and index finger on a button box and confirmed their answer
by pressing a third key on the button box with their thumb. The retrieval phase was self-
paced but with a minimum trial length of 7s and a maximum response time of 11s. This
maximum response time was based on older adults’ mean reaction time + 2 SDs in a fully
self-paced pilot version of the task. If a participant failed to confirm their answer within the
maximum allotted time, their last position on the response wheel was recorded as their

answer for that trial.

In total, participants completed 90 location and 90 colour retrieval trials (10 trials of each
type in each block). The feature questioned for each display was randomized, but kept
constant across participants. Allocation of object-scene displays to task blocks and their
study and test orders were randomized across participants with the constraint of no more
than four sequential encoding or retrieval trials within the same feature condition. A fixation
cross with a jittered duration ranging between 0.4s and 2.4s (mean: 1s) drawn from an
approximate Poisson distribution was presented between each encoding and retrieval trial.
For participants in the fMRI part of the study, a diffusion-weighted structural scan was

acquired between functional runs five and six.

All participants completed instructions and a practice version of the memory task prior to the
main task. For younger volunteers in the fMRI part of the study, the SILVS® was completed
after the functional scan. For the older fMRI volunteers, the SILVS® and the MoCA®’ were
completed in a separate behavioural testing session. The older adults completing the
structural scan only completed the continuous report task and the other behavioural

measures on the same day as their structural scan.
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Analysis of behavioural performance

On each trial, retrieval error was calculated as the angular deviation between participants’
response and the original encoded target feature value (error range: 0 £ 180°). To examine
the sources of memory error contributing to participants’ performance, we fitted a two-
component probabilistic mixture model consisting of a target von Mises distribution and a
circular uniform distribution**** to each participant’s retrieval error data using maximum

likelihood estimation (code available at: https://www.paulbays.com/code/JV10/index.php).

This model assumes that trial-wise variation in participants’ performance arises from two
different components of memory error: variability, or noise, in successful retrieval of the
target features from memory, and the presence of guess responses where memory retrieval
has failed to bring any diagnostic information about the target to mind. Variability in
successful memory retrieval is modelled by a von Mises distribution (circular equivalent of a
Gaussian distribution) centred at the target feature value (i.e., mean retrieval error of zero),
whereas the likelihood of guessing responses is captured by the probability of responses
stemming from the circular uniform distribution. From this model, two parameters of memory
performance can be estimated for all participants: the precision of memory retrieval,
corresponding to the concentration parameter, Kappa, of the von Mises distribution, and the
likelihood of successful memory retrieval, corresponding to the probability of responses

stemming from the target von Mises over the uniform distribution (pT = 1 — pU).

Although alternative models can also capture the distribution of errors in continuous report
tasks well®>-92, the selection of this model was motivated by prior work demonstrating
differential effects of age on the two mixture-model components®*?, as well as differential
neural correlates of these components in younger adults?2. Indeed, while agnostic to the
specific mechanisms underpinning errors resembling variability in the accuracy of target
retrieval and random guessing, we note that this model provides a good descriptive account
of data generated in continuous report tasks®®, and has been widely applied in both
behavioural and neuroimaging studies of long-term memory retrieval?242:6373.9495 Eqor
completeness, we further replicated the functional and structural neuroimaging analyses
using model-free metrics of behaviour (i.e., raw retrieval error) and have reported these in
the Supplementary material. No significant age differences in functional activity, or
relationships between grey matter volume and memory performance, were observed when
employing model-free metrics of memory performance, suggesting a benefit of the mixture
modelling approach for characterizing age- and performance-related variation in the current

dataset.
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MRI acquisition

MRI scanning was performed at the University of Cambridge Medical Research Council
Cognition and Brain Sciences Unit using a 3T Siemens Tim Trio scanner (Siemens,
Germany) with a 32-channel head coil. For each participant, a high-resolution whole brain
anatomical image was acquired using a T1-weighted 3D magnetization prepared rapid
gradient echo (MPRAGE) sequence (repetition time (TR): 2.25s, echo time (TE): 3ms, flip
angle = 9°, field of view (FOV): 256 x 256 x 192mm, resolution: 1mm isotropic, GRAPPA
acceleration factor 2). The functional data were acquired over 9 runs using a single-shot
echoplanar imaging (EPI) sequence (TR: 2s, TE: 30ms, flip angle® = 78, FOV: 192 x 192mm,
resolution: 3mm isotropic). Each functional volume consisted of 32 sequential oblique-axial
slices (interslice gap: 0.75mm) acquired parallel to the anterior commissure — posterior
commissure transverse plane. The mean number of volumes acquired per functional run
was 167.39 (SD: 7.49) and did not significantly differ between the age groups (younger
adults: 166.09, SD: 8.08, older adults: 168.75, SD: 6.77, t(37) = 1.11, p = .273). The

scanning protocols also included additional imaging sequences not analysed here.

fMRI preprocessing and analyses

Preprocessing and analysis of both the functional and structural images were performed with
Statistical Parametric Mapping (SPM) 12 (https://www.fil.ion.ucl.ac.uk/spm/) implemented in
MATLAB R2021b. The first five volumes of each functional run were discarded to allow for
T1 equilibration. Any additional volumes acquired after each task block had finished were
also discarded so that the last volume of each run corresponded to a time point of ~2s after
the last fixation cross for each participant. The functional images were spatially realigned to
the mean image to correct for head motion and temporally interpolated to the middle slice to
correct for differences in slice acquisition time. The anatomical image was coregistered to
the mean EPI image, bias-corrected and segmented into different tissue classes (grey
matter, GM; white matter, WM; cerebrospinal fluid, CSF). These segmentations were used to
create a study-specific structural template image using the DARTEL (Diffeomorphic
Anatomical Registration Through Exponentiated Lie Algebra) toolbox®. The functional data
was normalized to MNI space using DARTEL and spatially smoothed with an isotropic 8mm

full-width at half-maximum (FWHF) Gaussian kernel.

To gain trial-specific estimates of the success and precision of memory retrieval for the fMRI

analyses, the two-component mixture model (von Mises + uniform distribution) was fitted to
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all retrieval errors across all participants (7020 trials in total) to calculate a cut-off point at
which the probability of participants’ responses stemming from the target von Mises
distribution was less than .05 and responses thus likely reflected guessing??4142, This cut-off
point of £ 59 degrees was then used to classify each retrieval trial as successful (absolute
retrieval error < 59 degrees) or unsuccessful (absolute retrieval error > 59 degrees). For
successful retrieval trials, a trial-specific measure of memory precision was further calculated
as 180 — participant’s absolute retrieval error on that trial so that higher values (smaller error)
reflected higher precision (range: 121 — 180). A measure of memory precision was not
considered for the unsuccessful trials as responses in this condition were approximately
randomly distributed and thus were not expected to carry meaningful information about
memory quality. Indeed, in a control analysis that included an additional parametric
regressor reflecting trial-wise variation in memaory error for trials classified as unsuccessful,
we did not observe any significant associations between BOLD activity and memory error in
either of the two ROIs, or across the whole brain (see Supplementary material).

First-level General Linear Model (GLM) for each participant contained four separate
condition regressors corresponding to successful location retrieval, successful colour
retrieval, unsuccessful retrieval, as well as encoding. As done in previous work?242,
unsuccessful trials were modelled across the two feature conditions, due to low numbers of
guessing responses per feature condition for some participants. For successful retrieval
trials, trial-specific estimates of memory precision were further included as parametric
modulators comprising two additional regressors in the model. The precision parametric
modulators were rescaled to range between 0 and 1 to facilitate the direct comparison of
success and precision-related activity, and mean-centred for each participant. Neural activity
corresponding to the regressors of interest was modelled with a boxcar function convolved
with the canonical hemodynamic response function (HRF), with event duration
corresponding to the duration of the retrieval display on the screen (i.e., duration of 7s if
participant’s RT on that trial was under 7s, and duration equal to participant’s RT if the RT
exceeded 7s). Six participant-specific movement parameters estimated during realignment
(3 rigid-body translations, 3 rotations) were included as covariates in the first-level model to
capture any residual movement-related artefacts. Due to the small number of guessing trials
in each functional run, data from all functional runs were concatenated for each participant,
and 9 constant block regressors included as additional covariates. Autocorrelation in the
data was estimated with an AR(1) model and a temporal high pass filter with a 1/128 Hz cut-
off was used to eliminate low frequency noise. First-level subject-specific parameter

estimates were submitted to second-level random effects analyses.
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Contrasts for the fMRI analyses focused on examining retrieval activity that varied with the
success and precision of memory retrieval. To examine retrieval activity associated with the
success of memory retrieval, we contrasted successful retrieval trials (absolute retrieval error
< 59 degrees) to trials where memory retrieval failed (absolute retrieval error > 59 degrees;
retrieval success effects). To identify retrieval activity associated with the precision of
memory retrieval, we examined positive associations between BOLD signal and trial-wise
variation in memory error on trials classified as successful (i.e., positive linear relationship

between BOLD signal and precision parametric modulator; retrieval precision effects).

VBM preprocessing and analyses

Preprocessing of the structural images for the VBM analyses included segmentation of the
anatomical images into GM, WM and CSF. These segmentations were then used to create a
structural template image using the DARTEL toolbox®¢, and normalised to MNI space using
DARTEL. The normalized GM images were spatially smoothed with an isotropic 8mm FWHF
Gaussian kernel, with modulation applied to preserve the total amount of GM within each
voxel. For each participant, total intracranial volume (TI1V) was computed as the sum of total
GM, WM and CSF estimates.

Two separate GLMs were constructed to examine the relationship of GM volume to memory
performance within the full older adult sample: one including model-derived estimates of the
probability of successful retrieval (pT) as the covariate of interest, and the other including
memory precision (K) as the covariate of interest. For both models, participant age, gender,
education level, and TIV were included as covariates of no interest. When comparing the two
groups of older adults who took part in the fMRI scan versus the structural scan only, we
observed lower probability of successful memory retrieval in the group of participants who
performed the memory task inside the MRI scanner (M: 0.63, SD: 0.10) than in those
participants who performed the task outside of the scanner (M: 0.71, SD: 0.12), t(47) = 2.53,
p =.015, d = 0.73, perhaps reflecting an impact of the MRI scan environment on memory
performance®’. Memory precision, on the other hand, did not significantly differ between
these two groups of participants (in-scanner M: 7.78, SD: 3.01, outside of the scanner M:
7.91, SD: 3.20), t(47) = 0.14, p = .888. To account for the differences in retrieval success,

testing environment was added as an additional covariate in all VBM analyses.
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Regions of interest

The functional and structural neuroimaging analyses focused on two key regions of the
posterior medial memory network: the HC and the AG. The selection of these regions was
motivated by prior evidence suggesting a degree of functional specialization during episodic
retrieval??, as well as common findings of age-related alterations in both regions®, Left-
lateralized ROIs were created with the Automated Anatomical Labelling (AAL) atlas, given
evidence for left-lateralization of episodic retrieval effects®. Statistical significance within
each anatomical ROI was assessed using small-volume correction with a peak-level
familywise error (FWE) corrected threshold of p < .05, correcting for the number of voxels in
each ROI. In addition to the ROI analyses, we performed exploratory whole brain analyses
to identify any additional regions displaying age differences in memory-related retrieval
activity, or an association between grey matter volume and memory performance, at a

whole-brain corrected threshold of p < .05 FWE-corrected.

Data availability

Data and materials are available from the corresponding authors on reasonable request.

References

1. Grady, C. The cognitive neuroscience of ageing. Nature Reviews Neuroscience 13,
491-505 (2012).

2. Nyberg, L., Lévdén, M., Riklund, K., Lindenberger, U. & Backman, L. Memory aging
and brain maintenance. Trends in Cognitive Sciences 16, 292-305 (2012).

3. Park, D. C. et al. Models of visuospatial and verbal memory across the adult life span.
Psychology and Aging 17, 299-320 (2002).

4, Ronnlund, M., Nyberg, L., Backman, L. & Nilsson, L.-G. Stability, growth, and decline
in adult life span development of declarative memory: Cross-sectional and longitudinal
data from a population-based study. Psychology and Aging 20, 3—18 (2005).

5. Tulving, E. Episodic memory: From mind to brain. Annual Review of Psychology 53,
1-25 (2002).

6. Simons, J. S., Ritchey, M. & Fernyhough, C. Brain mechanisms underlying the
subjective experience of remembering. Annual Review of Psychology 73, 159-186
(2022).

21


https://doi.org/10.1101/2022.05.26.493542
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.26.493542; this version posted May 28, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

made available under aCC-BY 4.0 International license.

Sander, M. C., Fandakova, Y. & Werkle-Bergner, M. Effects of age differences in
memory formation on neural mechanisms of consolidation and retrieval. Seminars in
Cell & Developmental Biology 116, 135-145 (2021).

Greene, N. R. & Naveh-Benjamin, M. A Specificity principle of memory: Evidence
from aging and associative memory. Psychological Science 31, 316-331 (2020).

Korkki, S. M., Richter, F. R., Jeyarathnarajah, P. & Simons, J. S. Healthy ageing
reduces the precision of episodic memory retrieval. Psychology and Aging 35, 124—
142 (2020).

Trelle, A. N., Henson, R. N., Green, D. A. E. & Simons, J. S. Declines in
representational quality and strategic retrieval processes contribute to age-related
increases in false recognition. Journal of Experimental Psychology: Learning,
Memory, and Cognition 43, 1883—-1897 (2017).

Nilakantan, A. S., Bridge, D. J., VanHaerents, S. & Voss, J. L. Distinguishing the
precision of spatial recollection from its success: Evidence from healthy aging and
unilateral mesial temporal lobe resection. Neuropsychologia 119, 101-106 (2018).

Rhodes, S., Abbene, E. E., Meierhofer, A. M. & Naveh-Benjamin, M. Age differences
in the precision of memory at short and long delays. Psychol Aging 35, 1073-1089
(2020).

Gellersen, H. M., Trelle, A. N., Henson, R. N. & Simons, J. S. Executive function and
high ambiguity perceptual discrimination contribute to individual differences in
mnemonic discrimination in older adults. Cognition 209, 104556 (2021).

Reagh, Z. M. et al. Greater loss of object than spatial mnemonic discrimination in
aged adults. Hippocampus 26, 417-422 (2016).

Stark, S. M., Yassa, M. A., Lacy, J. W. & Stark, C. E. L. A task to assess behavioral
pattern separation (BPS) in humans: Data from healthy aging and mild cognitive
impairment. Neuropsychologia 51, 2442-2449 (2013).

Ritchey, M. & Cooper, R. A. Deconstructing the posterior medial episodic network.
Trends in Cognitive Sciences 24, 451-465 (2020).

Ranganath, C. & Ritchey, M. Two cortical systems for memory-guided behaviour.
Nature Reviews Neuroscience 13, 713-726 (2012).

Rugg, M. D. & Vilberg, K. L. Brain networks underlying episodic memory retrieval.
Current Opinion in Neurobiology 23, 255-260 (2013).

Kuhl, B. A. & Chun, M. M. Successful remembering elicits event-specific activity
patterns in lateral parietal cortex. Journal of Neuroscience 34, 8051-8060 (2014).

Tibon, R., Fuhrmann, D., Levy, D. A., Simons, J. S. & Henson, R. N. Multimodal
integration and vividness in the angular gyrus during episodic encoding and retrieval.
The Journal of Neuroscience 39, 4365-4374 (2019).

Vilberg, K. L. & Rugg, M. D. Dissociation of the neural correlates of recognition
memory according to familiarity, recollection, and amount of recollected information.
Neuropsychologia 45, 2216-2225 (2007).

22


https://doi.org/10.1101/2022.05.26.493542
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.26.493542; this version posted May 28, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

made available under aCC-BY 4.0 International license.

Richter, F. R., Cooper, R. A., Bays, P. M. & Simons, J. S. Distinct neural mechanisms
underlie the success, precision, and vividness of episodic memory. Elife 5, e18260
(2016).

Vilberg, K. L. & Rugg, M. D. Left parietal cortex is modulated by amount of recollected
verbal information. NeuroReport 20, 1295-1299 (2009).

McClelland, J. L., McNaughton, B. L. & O’Reilly, R. C. Why there are complementary
learning systems in the hippocampus and neocortex: Insights from the successes and
failures of connectionist models of learning and memory. Psychological Review 102,
419-457 (1995).

Staresina, B. P., Henson, R. N. A., Kriegeskorte, N. & Alink, A. Episodic reinstatement
in the medial temporal lobe. Journal of Neuroscience 32, 18150-18156 (2012).

Danker, J. F. & Anderson, J. R. The ghosts of brain states past: Remembering
reactivates the brain regions engaged during encoding. Psychological Bulletin 136,
87-102 (2010).

Humphreys, G. F., Lambon Ralph, M. A. & Simons, J. S. A unifying account of
angular gyrus contributions to episodic and semantic cognition. Trends in
Neurosciences 44, 452-463 (2021).

Rugg, M. D. & King, D. R. Ventral lateral parietal cortex and episodic memory
retrieval. Cortex 107, 238-250 (2018).

Bonnici, H. M., Richter, F. R., Yazar, Y. & Simons, J. S. Multimodal feature integration
in the angular gyrus during episodic and semantic retrieval. Journal of Neuroscience
36, 5462-5471 (2016).

Favila, S. E., Samide, R., Sweigart, S. C. & Kuhl, B. A. Parietal representations of
stimulus features are amplified during memory retrieval and flexibly aligned with top-
down goals. The Journal of Neuroscience 38, 7809-7821 (2018).

Lee, H. & Kuhl, B. A. Reconstructing perceived and retrieved faces from activity
patterns in lateral parietal cortex. The Journal of Neuroscience 36, 6069-6082 (2016).

Carr, V. A. et al. Individual differences in associative memory among older adults
explained by hippocampal subfield structure and function. Proceedings of the National
Academy of Sciences 114, 12075-12080 (2017).

Reagh, Z. M. et al. Functional imbalance of anterolateral entorhinal cortex and
hippocampal dentate/CA3 underlies age-related object pattern separation deficits.
Neuron 97, 1187-1198.e4 (2018).

Yassa, M. A. et al. Pattern separation deficits associated with increased hippocampal
CA3 and dentate gyrus activity in nondemented older adults. Hippocampus 21, 968—
79 (2011).

Salami, A., Pudas, S. & Nyberg, L. Elevated hippocampal resting-state connectivity
underlies deficient neurocognitive function in aging. Proceedings of the National
Academy of Sciences 111, 17654-17659 (2014).

Andrews-Hanna, J. R. et al. Disruption of large-scale brain systems in advanced
aging. Neuron 56, 924-935 (2007).

23


https://doi.org/10.1101/2022.05.26.493542
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.26.493542; this version posted May 28, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

37. Reagh, Z. M., Delarazan, A. |., Garber, A. & Ranganath, C. Aging alters neural activity
at event boundaries in the hippocampus and posterior medial network. Nature
Communications 11, 3980 (2020).

38. Wang, W.-C. & Cabeza, R. Episodic memory encoding and retrieval in the aging
brain. in Cognitive neuroscience of aging: Linking cognitive and cerebral aging (eds.
Cabeza, R., Nyberg, L., & Park, D. C.) (Oxford University Press, 2016).

39. Daselaar, S. M., Fleck, M. S., Dobbins, I. G., Madden, D. J. & Cabeza, R. Effects of
healthy aging on hippocampal and rhinal memory functions: An event-related fMRI
study. Cerebral Cortex 16, 1771-1782 (2006).

40. Nilakantan, A. S., Bridge, D. J., Gagnon, E. P., VanHaerents, S. A. & Voss, J. L.
Stimulation of the posterior cortical-hippocampal network enhances precision of
memory recollection. Current Biology 27, 465470 (2017).

41. Korkki, S. M., Richter, F. R. & Simons, J. S. Hippocampal—cortical encoding activity
predicts the precision of episodic memory. Journal of Cognitive Neuroscience 33,
2328-2341 (2021).

42. Cooper, R. A. et al. Reduced hippocampal functional connectivity during episodic
memory retrieval in autism. Cerebral Cortex 27, 888-902 (2017).

43. Bays, P. M., Catalao, R. F. G. & Husain, M. The precision of visual working memory is
set by allocation of a shared resource. Journal of Vision 9, 1-11 (2009).

44.  Zhang, W. & Luck, S. J. Discrete fixed-resolution representations in visual working
memory. Nature 453, 233—-235 (2008).

45.  Ashburner, J. & Friston, K. J. Voxel-based morphometry—the methods. Neuroimage
11, 805-821 (2000).

46. Hou, M., de Chastelaine, M., Jayakumar, M., Donley, B. E. & Rugg, M. D.
Recollection-related hippocampal fMRI effects predict longitudinal memory change in
healthy older adults. Neuropsychologia 146, 107537 (2020).

47. Pudas, S. et al. Brain characteristics of individuals resisting age-related cognitive
decline over two decades. Journal of Neuroscience 33, 8668-8677 (2013).

48. Trelle, A. N. et al. Hippocampal and cortical mechanisms at retrieval explain variability
in episodic remembering in older adults. Elife 9, e55335 (2020).

49. Cansino, S. et al. Brain activity during source memory retrieval in young, middle-aged
and old adults. Brain Research 1618, 168-180 (2015).

50. De Chastelaine, M., Mattson, J. T., Wang, T. H., Donley, B. E. & Rugg, M. D. The
neural correlates of recollection and retrieval monitoring: Relationships with age and
recollection performance. Neuroimage 138, 164-175 (2016).

51. Norman, K. A. & O’Reilly, R. C. Modeling hippocampal and neocortical contributions
to recognition memory: A complementary-learning-systems approach. Psychological
Review 110, 611-646 (2003).

52. Vieweg, P., Stangl, M., Howard, L. R. & Wolbers, T. Changes in pattern completion —
A key mechanism to explain age-related recognition memory deficits? Cortex 64,
343-351 (2015).

24


https://doi.org/10.1101/2022.05.26.493542
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.26.493542; this version posted May 28, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

made available under aCC-BY 4.0 International license.

Paleja, M. & Spaniol, J. Spatial pattern completion deficits in older adults. Frontiers in
Aging Neuroscience 5, (2013).

Martin-Buro, M. C., Wimber, M., Henson, R. N. & Staresina, B. P. Alpha rhythms
reveal when and where item and associative memories are retrieved. The Journal of
Neuroscience 40, 2510-2518 (2020).

Treder, M. S. et al. The hippocampus as the switchboard between perception and
memory. Proceedings of the National Academy of Sciences 118, (2021).

Smallwood, J. et al. The default mode network in cognition: a topographical
perspective. Nature Reviews Neuroscience 22, 503-513 (2021).

Margulies, D. S. et al. Situating the default-mode network along a principal gradient of
macroscale cortical organization. Proceedings of the National Academy of Sciences
113, 12574-12579 (2016).

Sestieri, C., Shulman, G. L. & Corbetta, M. The contribution of the human posterior
parietal cortex to episodic memory. Nature Reviews Neuroscience 18, 183-192
(2017).

Wagner, A. D., Shannon, B. J., Kahn, I. & Buckner, R. L. Parietal lobe contributions to
episodic memory retrieval. Trends in Cognitive Sciences 9, 445-453 (2005).

Sambataro, F. et al. Age-related alterations in default mode network: Impact on
working memory performance. Neurobiology of Aging 31, 839—852 (2010).

Grady, C. L., Springer, M. v., Hongwanishkul, D., McIntosh, A. R. & Winocur, G. Age-
related changes in brain activity across the adult lifespan. Journal of Cognitive
Neuroscience 18, 227-241 (2006).

Persson, J., Lustig, C., Nelson, J. K. & Reuter-Lorenz, P. A. Age differences in
deactivation: A link to cognitive control? Journal of Cognitive Neuroscience 19, 1021—-
1032 (2007).

Cooper, R. A. & Ritchey, M. Cortico-hippocampal network connections support the
multidimensional quality of episodic memory. Elife 8, e45591 (2019).

Murray, J. G., Ouyang, G. & Donaldson, D. I. Compensation of trial-to-trial latency
jitter reveals the parietal retrieval success effect to be both variable and thresholded in
older adults. Frontiers in Aging Neuroscience 11, (2019).

Murray, J. G., Howie, C. A. & Donaldson, D. I. The neural mechanism underlying
recollection is sensitive to the quality of episodic memory: Event related potentials
reveal a some-or-none threshold. Neuroimage 120, 298-308 (2015).

Horne, E. D., Koen, J. D., Hauck, N. & Rugg, M. D. Age differences in the neural
correlates of the specificity of recollection: An event-related potential study.
Neuropsychologia 140, 107394 (2020).

Fjell, A. M., McEvoy, L., Holland, D., Dale, A. M. & Walhovd, K. B. What is normal in
normal aging? Effects of aging, amyloid and Alzheimer’s disease on the cerebral
cortex and the hippocampus. Progress in Neurobiology 117, 20-40 (2014).

Douaud, G. et al. A common brain network links development, aging, and vulnerability
to disease. Proceedings of the National Academy of Sciences 111, 17648-17653
(2014).

25


https://doi.org/10.1101/2022.05.26.493542
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.26.493542; this version posted May 28, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

69. McGinnis, S. M., Brickhouse, M., Pascual, B. & Dickerson, B. C. Age-related changes
in the thickness of cortical cones in humans. Brain Topography 24, 279-291 (2011).

70. Hunsaker, M. R. & Kesner, R. P. The operation of pattern separation and pattern
completion processes associated with different attributes or domains of memory.
Neuroscience & Biobehavioral Reviews 37, 36-58 (2013).

71. Koen, J. D., Borders, A. A,, Petzold, M. T. & Yonelinas, A. P. Visual short-term
memory for high resolution associations is impaired in patients with medial temporal
lobe damage. Hippocampus 27, 184-193 (2017).

72. Borders, A. A., Ranganath, C. & Yonelinas, A. P. The hippocampus supports high-
precision binding in visual working memory. Hippocampus 32, 217-230 (2022).

73. Stevenson, R. F. et al. Hippocampal CA1 gamma power predicts the precision of
spatial memory judgments. Proceedings of the National Academy of Sciences 115,
10148-10153 (2018).

74. Montchal, M. E., Reagh, Z. M. & Yassa, M. A. Precise temporal memories are
supported by the lateral entorhinal cortex in humans. Nature Neuroscience 22, 284—
288 (2019).

75.  Yonelinas, A. P. The hippocampus supports high-resolution binding in the service of
perception, working memory and long-term memory. Behavioural Brain Research
254, 34—-44 (2013).

76. Grothe, M. J. et al. In vivo staging of regional amyloid deposition. Neurology 89,
2031-2038 (2017).

77. Palmgquist, S. et al. Earliest accumulation of B-amyloid occurs within the default-mode
network and concurrently affects brain connectivity. Nature Communications 8, 1214
(2017).

78.  Zokaei, N. et al. Superior short-term memory in APOE €2 carriers across the age
range. Behavioural Brain Research 397, 112918 (2021).

79. Lu, K. et al. Dissociable effects of APOE ¢4 and -amyloid pathology on visual
working memory. Nature Aging 1, 1002-1009 (2021).

80. Pauvisic, I. M. et al. Visual short-term memory impairments in presymptomatic familial
Alzheimer’s disease: A longitudinal observational study. Neuropsychologia 162,
108028 (2021).

81. Gellersen, H. M., Coughlan, G., Hornberger, M. & Simons, J. S. Memory precision of
object-location binding is unimpaired in APOE e4-carriers with spatial navigation
deficits. Brain Communications 3, (2021).

82. Trelle, A. N., Henson, R. N. & Simons, J. S. Neural evidence for age-related
differences in representational quality and strategic retrieval processes. Neurobiology
of Aging 84, 50-60 (2019).

83. Folville, A. et al. Age-related differences in the neural correlates of vivid remembering.
Neuroimage 206, 116336 (2020).

84. St-Laurent, M., Abdi, H., Bondad, A. & Buchsbaum, B. R. Memory reactivation in
healthy aging: Evidence of stimulus-specific dedifferentiation. Journal of Neuroscience
34, 4175-4186 (2014).

26


https://doi.org/10.1101/2022.05.26.493542
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.26.493542; this version posted May 28, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

made available under aCC-BY 4.0 International license.

Koen, J. D. & Rugg, M. D. Neural dedifferentiation in the aging brain. Trends in
Cognitive Sciences 23, 547-559 (2019).

Sommer, V. R. & Sander, M. C. Contributions of representational distinctiveness and
stability to memory performance and age differences. Aging, Neuropsychology, and
Cognition 29, 443-462 (2022).

Nasreddine, Z. S. et al. The Montreal Cognitive Assessment, MoCA: A brief screening
tool for mild cognitive impairment. J Am Geriatr Soc 53, 695-699 (2005).

Zachary, R. A. & Shipley, W. C. Shipley Institute of Living Scale: Revised manual. Los
Angeles: Eastern Psychological Services (1986).

Verhaeghen, P. Aging and vocabulary score: A meta-analysis. Psychology and Aging
18, 332-339 (2003).

Schurgin, M. W., Wixted, J. T. & Brady, T. F. Psychophysical scaling reveals a unified
theory of visual memory strength. Nature Human Behaviour 4, 1156-1172 (2020).

Van den Berg, R., Shin, H., Chou, W.-C., George, R. & Ma, W. J. Variability in
encoding precision accounts for visual short-term memory limitations. Proceedings of
the National Academy of Sciences 109, 8780-8785 (2012).

Bays, P. M. Noise in neural populations accounts for errors in working memory.
Journal of Neuroscience 34, 3632—3645 (2014).

Bays, P. & Taylor, R. Theory of neural coding predicts an upper bound on estimates
of memory variability. Journal of Vision 19, 203b (2019).

Brady, T. F., Konkle, T., Gill, J., Oliva, A. & Alvarez, G. A. Visual long-term memory
has the same limit on fidelity as visual working memory. Psychological Science 24,
981-990 (2013).

Sutterer, D. W. & Awh, E. Retrieval practice enhances the accessibility but not the
quality of memory. Psychonomic Bulletin & Review 23, 831-841 (2016).

Ashburner, J. A fast diffeomorphic image registration algorithm. Neuroimage 38, 95—
113 (2007).

Gutchess, A. H. & Park, D. C. fMRI environment can impair memory performance in
young and elderly adults. Brain Research 1099, 133-140 (2006).

Leal, S. L. & Yassa, M. A. Neurocognitive aging and the hippocampus across species.
Trends in Neurosciences 38, 800-812 (2015).

Spaniol, J. et al. Event-related fMRI studies of episodic encoding and retrieval: Meta-
analyses using activation likelihood estimation. Neuropsychologia 47, 1765-1779
(2009).

27


https://doi.org/10.1101/2022.05.26.493542
http://creativecommons.org/licenses/by/4.0/

