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ABSTRACT

Cognitive tests sensitive to the integrity of the medial temporal lobe (MTL), such as mnemonic discrimi-
nation of perceptually similar stimuli, may be useful early markers of risk for cognitive decline in older
populations. Perceptual discrimination of stimuli with overlapping features also relies on MTL but re-
mains relatively unexplored in this context. We assessed mnemonic discrimination in two test formats
(Forced Choice, Yes/No) and perceptual discrimination of objects and scenes in 111 community-dwelling
older adults at different risk status for cognitive impairment based on neuropsychological screening. We
also investigated associations between performance and MTL sub-region volume and thickness. The at-
risk group exhibited reduced entorhinal thickness and impaired perceptual and mnemonic discrimination.
Perceptual discrimination impairment partially explained group differences in mnemonic discrimination
and correlated with entorhinal thickness. Executive dysfunction accounted for Yes/No deficits in at-risk
adults, demonstrating the importance of test format for the interpretation of memory decline. These re-
sults suggest that perceptual discrimination tasks may be useful tools for detecting incipient cognitive

impairment related to reduced MTL integrity in nonclinical populations.

© 2022 The Author(s). Published by Elsevier Inc.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

The ability to form high-fidelity representations of visual stim-
uli is reliant on the medial temporal lobe (MTL) and is essential
to distinguish similar inputs during both perception and memory
(Barense et al.,, 2007; Bussey and Saksida, 2002; Graham et al.,
2010). The MTL is vulnerable to normal age-related structural and
functional change (Fjell et al., 2014; Leal and Yassa, 2013). This is
thought to arise, in part, due to the accumulation of neurofibrillary
tangle pathology beginning in the entorhinal cortex (ERC) that is a
hallmark feature of Alzheimer’s disease (Braak and Braak, 1995). As
a result, with increasing age and during the course of Alzheimer’s
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disease (AD), perceptual and mnemonic representations become
less detailed to the detriment of a variety of cognitive processes
(Koen et al., 2019; Koen and Rugg, 2019; Leal and Yassa, 2014;
Lee et al., 2007; Trelle et al., 2019). Tests that require discrimina-
tion between stimuli with high degrees of feature overlap, such as
the mnemonic similarity task (Stark et al., 2019), may be useful
tools to probe the integrity of perirhinal-entorhinal-hippocampal
circuits and hold promise for the identification of community-
dwelling older adults who may be at increased risk of AD as
well as for tracking progressive MTL degeneration and evaluat-
ing efficacy of new disease-modifying treatments and interven-
tions (Adams et al., 2020; Ally et al.,, 2013; Berron et al., 2019;
Gellersen, Coughlan, et al., 2021; Holden et al., 2013; Leal et al.,
2019; Lee et al., 2020; Sinha et al, 2018; Trelle et al., 2021;
Webb et al., 2020).
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Because the MTL regions vulnerable to AD pathology are also
involved in complex perception (Graham et al., 2010), it is possi-
ble that individuals at risk for MCI may not only be impaired in
mnemonic discrimination of highly similar stimuli, but may also
show deficits in perceptual discrimination when tasks require dis-
tinguishing between similar complex stimuli (Yeung et al., 2017,
2019). Due to similar demands on MTL representations, individ-
uals with MCI risk may be impaired in both tasks, yet, to date
perceptual discrimination has been largely unexplored in this con-
text. Here we explore how task demands might modulate dif-
ferences in perceptual and mnemonic discrimination across risk
groups. Specifically, our first aim is the exploration of the im-
pact of test format (Yes/No, Forced Choice) on mnemonic dis-
crimination performance and stimulus category (object, scene) and
feature ambiguity (high, low) on perceptual discrimination per-
formance. Our second aim is to determine whether perceptual
discrimination and executive function act as potential mediators
of mnemonic discrimination performance across test formats. Our
third aim concerns differences in MTL sub-regional integrity across
risk groups, as well as associations between sub-regional integrity
and perceptual-mnemonic discrimination performance.

The question of how task demands influence mnemonic dis-
crimination impairments in older adults at risk for MCI is not
well understood. One dimension that is likely to be important
is the level of demand for strategic retrieval processes, that dif-
fer, for example, in performance on Forced Choice versus Yes/No
task formats of recognition memory tests with similar lures
(Gellersen et al., 2021). To date, most studies have used vari-
ants of the Yes/No format, such as Old/Similar/New judgments
(Stark et al., 2019), in which one item is presented at a time, and
participants need to impose a criterion of evidence in order to
choose one response category. These studies reported that cogni-
tively normal older adults with biomarker evidence for AD pathol-
ogy were significantly impaired (Berron et al., 2019; Trelle et al.,
2021). However, this Yes/No task format places substantial de-
mands on strategic retrieval, such as the selection of response cri-
teria and use of “recall-to-reject” strategies for recollection to re-
duce false alarms (Cohn et al., 2008; Gallo, 2004; Gallo et al., 2006;
Migo et al.,, 2009; Trelle et al., 2017). As a result, executive dys-
function, which is also common in aging and related to atrophy
in prefrontal cortex (PFC), may be a significant driver of perfor-
mance in tests using this format (Gellersen et al., 2021). In con-
trast, the Forced Choice format provides retrieval support by pre-
senting both a target and a lure simultaneously on each test trial.
Tests of this type can be solved by comparing the relative lev-
els of evidence for each choice, without imposing an absolute re-
sponse criterion, and therefore have lower demands on executive
functioning. Moreover, it has been suggested that Forced Choice
tasks can be performed on the basis of differences in memory
strength or relative familiarity between exemplars, rather than rec-
ollection of specific details, even when lures are perceptually simi-
lar (Angel et al., 2013; Gellersen et al., 2021; Holdstock et al., 2002;
Migo et al., 2009; Migo et al., 2014; Trelle et al., 2017), therefore re-
ducing demands on hippocampal and frontal processes in support
of recollection-based retrieval and increasing the relative contribu-
tion of perirhinal (PRC) and entorhinal cortices (ERC) which belong
to the first regions affected by tau pathology (Bowles et al., 2007;
Holdstock et al., 2002; Vann et al., 2009; Braak and Braak, 1991).
By contrasting performance in Forced Choice and Yes/No tests, we
test whether the association between MCI risk and mnemonic dis-
crimination is dependent on the degree to which a task taxes hip-
pocampal memory processes.

We view mnemonic discrimination deficits in older adults
through the lens of a representational account, in which target-
lure similarity is one key determinant of impairment, consistent

with the representational-hierarchical framework of MTL function
(Bussey and Saksida, 2002; Cowell et al., 2010; Kent et al., 2016).
This framework proposes that formation of complex, conjunctive
visual representations necessary to differentiate stimuli with over-
lapping features is dependent on MTL, and lesions to as well as
normal age-related and early pathological changes in these regions
result in impoverished visual representations that compromise any
cognitive process reliant on them, whether that be mnemonic or
perceptual (Barense et al., 2005; Burke et al., 2018; Lee et al.,
2007). If the quality of these representations were impaired,
mnemonic discrimination deficits among individuals with early
signs of cognitive decline would therefore be predicted in both
Yes/No and Forced Choice tests. In line with the proposal that rep-
resentational quality may underpin mnemonic discrimination abil-
ities, age-related declines in mnemonic discrimination have been
linked to performance on perceptual tasks that require discrimina-
tion of simultaneously-presented, highly-similar objects or scenes
in tasks without long-term memory demands (Gellersen et al.,
2021; Trelle et al., 2017). These deficits are particularly promi-
nent under conditions of high feature overlap, perceptual interfer-
ence and demands on viewpoint-invariant processing which cru-
cially relies on MTL (Burke et al., 2012; Gellersen et al., 2021;
Newsome et al., 2012). The representational-hierarchical view of
MTL function offers one explanation as to why age-related deficits
are often present in Forced Choice recognition memory tests under
conditions of high target-lure similarity but may be absent when
distinguishing between targets and novel foils: reduced availabil-
ity of item details will be detrimental to mnemonic discrimi-
nation regardless of demands on strategic retrieval (Bastin and
van der Linden, 2003; Gellersen et al., 2021; Koen and Yoneli-
nas, 2014; Trelle et al., 2017; Yonelinas, 2002). Following from this
representational-hierarchical view, a loss of integrity of ERC and
PRC-dependent functions will ultimately be detrimental to perfor-
mance on any mnemonic discrimination task. As a result, we ex-
pect that older adults at risk for MCI will be impaired across both
Forced Choice and Yes/No tasks and that a proxy for complex per-
ceptual processing will be a predictor of mnemonic function in
this sample (Gellersen et al., 2021; Trelle et al., 2017). Of note,
in our analyses of the association between perceptual processes
and mnemonic discrimination, we refer to these higher perceptual
processes rather than basic properties of the visual system such
as acuity and contrast sensitivity which have also previously been
shown as important for mnemonic discrimination (Davidson et al.,
2019).

Moreover, we expect that these deficits in the discrimination
of highly similar visual stimuli would not be restricted to the
memory domain but extend to perceptual processes as well. Few
studies have explored perceptual discrimination of stimuli with
overlapping features in populations at risk for cognitive impair-
ment. However, prior work has demonstrated that perceptual dis-
crimination of highly similar abstract objects is impaired under
conditions of high interference in MCI and in individuals who are
at-risk for MCI (Newsome et al., 2012) as well as in middle-aged
individuals at genetic risk for AD (Mason et al., 2017). This de-
cline in perceptual discrimination ability may be capable of (at
least partially) accounting for mnemonic discrimination deficits in
older adults at risk for MCI. Indeed, in a sample of nonclinical older
adults that included individuals who failed the Montreal Cognitive
Assessment (a neuropsychological screening tool to detect MCI)
(Nasreddine et al., 2005), lower anterolateral entorhinal cortex vol-
ume was associated with a decreased preference to view similar
novel as opposed to repeated stimulus configurations (Yeung et al.,
2017), suggesting altered processing of complex perceptual con-
junctions as a function of MCI risk. Taken together, we expect
older adults with early signs of cognitive decline to be impaired
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on all tasks that share common demands on the MTL, regardless
of whether they are needed to support perceptual or mnemonic
processes (Braak and Braak, 1991; Dickerson and Sperling, 2009;
Holbrook et al., 2019; Olsen et al., 2017; Speer and Soldan, 2015;
Wolk et al., 2013).

Our third aim leverages MRI measures of MTL sub-regional gray
matter integrity, including both volumes of MTL sub-regions de-
rived from manual segmentations of high-resolution images and
cortical thickness estimated from automated segmentation. We in-
vestigate whether MTL integrity differs across groups, is correlated
with individual differences in perceptual and mnemonic discrim-
ination, and whether brain-behavior relationships vary as a func-
tion of task demands and stimulus category. Prior studies have
assessed the relationship between mnemonic discrimination and
MTL sub-regions and found associations with CA3 and dentate
gyrus volume (Bennett et al., 2019; Stark and Stark, 2017). To our
knowledge, no studies have explored how this association might
vary as a function of task demands, nor how MTL sub-region vol-
ume relates to complex perceptual discrimination in older adults
without dementia diagnosis.

This work is predicated on research suggesting that the vari-
ous MTL sub-regions have distinct roles in specific memory pro-
cesses and in the processing of different visual stimulus categories
(Argyropoulos et al., 2021; Graham et al., 2010; Reagh et al., 2014;
Reagh and Yassa, 2014). We include both volumes of MTL sub-
regions derived from manual segmentations of high-resolution im-
ages and cortical thickness estimated from automated segmenta-
tion. These analyses allow us to test whether tasks known to be
sensitive to MTL sub-regional integrity are also sensitive to indi-
vidual variability in MTL sub-regional volume in older adults with-
out clinical memory impairment. We formulate the following pre-
dictions regarding brain-behavior relationships between MTL gray
matter and perceptual-mnemonic discrimination.

First, based on both functional and structural neuroimaging
(Bennett et al., 2019; Stark and Stark, 2017; Yassa et al., 2011;
Yassa and Stark, 2011), we predict that Yes/No performance will
be associated with volume in hippocampal cornu ammonis 3 (CA3)
and dentate gyrus (DG), which are essential for mnemonic discrim-
ination in Yes/No and Old/Similar/New task formats due to their
involvement in pattern separation. In contrast, we expect struc-
tural integrity of PRC to be a predictor of Forced Choice perfor-
mance due to its importance in object-level representations and
its role in familiarity-based memory judgments (Burke et al., 2018;
Westerberg et al., 2013). While failure of pattern separation should
be highly detrimental to Yes/No performance, a high-quality rep-
resentation of the target item as formed by PRC should be able to
support performance in the Forced Choice task, as demonstrated
in prior work with hippocampal lesion subjects (Holdstock et al.,
2002; Migo et al., 2009).

Second, it is well established that MTL lesions result in per-
formance decrements in complex perceptual discrimination in a
sub-region-specific manner (Barense et al., 2005; Graham et al.,
2006; Lee et al., 2007). We therefore may find differential con-
tributions of MTL sub-regions to high ambiguity object and scene
discrimination, respectively, with PRC volume being related to the
former, and hippocampal and parahippocampal structural integrity
to the latter. Finally, for ERC, we hypothesize that volumes and
cortical thickness correlate with perceptual discrimination across
stimulus categories and mnemonic discrimination scores across
task formats (Yeung et al., 2017, 2019, 2021). We base this pre-
diction on prior findings suggesting that the anterolateral and
posterior-medial entorhinal sub-regions have been implicated in
object and scene processing, respectively, and that ERC is crucially
involved in high-fidelity object perception and memory reinstate-
ment (Berron et al., 2018; Charles et al., 2004; Schultz et al., 2012,

2019; Staresina et al., 2019). Given that we do not separate the ERC
into its sub-regions, volume-behavior associations may therefore
be apparent regardless of stimulus material.

In summary, the present study investigates how risk for MCI
impacts performance on mnemonic and perceptual discrimina-
tion tasks, including how performance is impacted by test format,
stimulus category, and feature ambiguity and possible associations
with MTL sub-region structure. This approach allows us to assess
whether older adults at risk for MCI are impaired across memory
and perception tasks with similar demands on MTL representations
and whether brain-behavior relationships depend on task demands
and stimulus category. Moreover, our analyses allow us to identify
whether different cognitive functions such as complex perception
and executive processes are potential mediators of the relationship
between MCI risk and impairment in mnemonic discrimination as
a function of task demands.

2. Methods
2.1. Participants

One hundred eleven community-dwelling older adults (87 fe-
male) aged 60-87 (M = 71.11, SD = 5.40) participated in this study.
Participants were native English speakers, had normal or corrected
to normal vision, and had no history of diagnosed psychiatric or
neurological conditions. The study was approved by the Cambridge
Psychology Research Ethics Committee.

Older adults were screened for cognitive impairment with the
Montreal Cognitive Assessment (Nasreddine et al., 2005), an instru-
ment used to measure global cognition. Of the 111 in the sample,
86 older adults performed within the normal range (score >= 26),
whereas 25 older adults scored below the suggested cut-off (score
<26; Damian et al., 2011). Here we classify the 25 older adults who
performed below the normal range as at-risk for cognitive impair-
ment, as in previous work using the MoCA (D’Angelo et al., 2016;
Newsome et al., 2012; Olsen et al., 2017; Yeung et al., 2017, 2019).
We refer to this group throughout the manuscript as the ‘at-risk
group’ (AR). The group performing within the normal range is re-
ferred to as the ‘cognitively unimpaired group’ (CU). The at-risk
group was significantly older than CU older adults (£(37.05) = 3.09,
p = 0.004). We, therefore, control for age in all analyses.

The 86 participants who passed the MoCA were also included
in the analysis presented in Gellersen et al. (2021). Demographic
and cognitive test data for both groups is summarized in Table 1.

2.2. Behavioral tasks

Fig. 1 presents a schematic of test stimuli and procedure
(Gellersen et al., 2021; Trelle et al., 2017). The mnemonic discrimi-
nation task included 200 highly similar exemplar pairs with a tar-
get and a corresponding lure each. Good performance on this task
relied on high fidelity representations of target objects. Participants
viewed 200 items during study and to orient attention to the stim-
uli they were asked to indicate for each object whether it was
bigger or smaller than a shoe box. Following a distractor task in
which participants counted backward from 100 in steps of seven,
they were tested on their memory for objects in two separate test
phases: 100 trials using a Forced Choice test format in which both
target and lure were presented side by side, and 100 trials in the
Yes/No task in which either the target or the lure were shown. Par-
ticipants were instructed to select the old items and reject the sim-
ilar lures. The order in which participants completed the two test
formats was counterbalanced across participants..

The perceptual discrimination tasks were adapted from Barense
et al. (2007) for objects (“Greebles”) and Lee et al. (2005) for



H.M. Gellersen, A.N. Trelle, B.G. Farrar et al./Neurobiology of Aging 122 (2023) 88-106 91

A Study Phase
Bigger or smaller than a show box?

Test Phase
Forced Choice Yes/No

Fig. 1. Schematic of the experimental paradigm. (A) Mnemonic discrimination task. During study, participants were shown objects and made a size judgment for each
object (top). In the test phase (bottom), previously studied objects were either shown next to new perceptually similar foil objects (Forced Choice task), or either the
target or the foil object was shown (Yes/No task). (B) Perceptual discrimination task for objects showing an example of a trial in the low (left) and high (right) feature
ambiguity condition, respectively. (C) Perceptual discrimination task for scenes showing an example of a trial in the low (left) and high (right) feature ambiguity condition,
respectively. Red circles were not present in the actual task and are used here to illustrate the difference between stimulus features. This figure is adapted from the article
Gellersen et al. (2021) published in Cognition (https://doi.org/10.1016/j.cognition.2020.104556). (For interpretation of the references to color in this figure legend, the reader
is referred to the Web version of this article.)
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Table 1
Demographics of the study sample stratified by MoCA score (at-risk vs. unimpaired)
Cognitively unimpaired (N 86) At risk for MCI (N = 25) B

Sex 49 female (57%) 12 female (48%)
Age 70.26 (5.11) 74.04 (5.47) -0.70°
Education 17.39 (4.95) 16.50 (4.05) 0.19
MoCA Total (/30) 28.08 (1.29) 23.56 (1.45) 4.46"
MoCA Attention (/6) 5.87 (0.37) 5.25 (0.97) 0.99"
MoCA Visuospatial/Executive (/5) 4.56 (0.63) 3.96 (0.84) 0.86"
MoCA Language (/3) 2.62 (0.60) 2.04 (0.79) 0.91°
MoCA Memory (/5) 4.10 (0.99) 1.84 (1.46) 1.50°
NART 42.30 (4.80) 37.52 (7.08 0.85°
Shipley Vocabulary 37.63 (1.32) 35.84 (3.44) 0.84°
Trails A 49.42 (17.33) 59.92 (19.99) -0.38
Trails B 84.26 (25.38) 116.40 (54.09) -0.76"
Digit Span Total 18.97 (3.97) 15.36 (3.37) 0.84°
Verbal Fluency (Letters) 16.12 (3.64) 14.17 (4.82) 0.46

Means + Standard deviations.
F, female.

p-values for MoCA group effects are controlled for age. For 1 participant in the cognitively unimpaired group for whom years of education was not available, the missing

entry was replaced by the mean educational attainment of the low-risk group.
3 p<.01,
b p<.001

scenes. We previously used these tasks in the sample of cogni-
tively normal older adults (Gellersen et al., 2021). Participants were
asked to select the odd one out of three exemplars of either objects
or scenes. Items either shared few perceptual features (low ambi-
guity condition) or were highly similar to one another and pre-
sented from different viewpoints (high ambiguity condition). As a
result, in the low ambiguity condition items could be differentiated
on the basis of basic perceptual features and in the high ambiguity
task viewpoint-invariant processing of feature configurations was
essential for discrimination. The order in which participants com-
pleted the two tests was counterbalanced across participants.

Stimuli for all tasks were presented in MATLAB (Mathworks,
Inc., USA) in Cogent 2000 (Cogent 2000 team at the FIL and the
ICN and Cogent Graphics by John Romaya at the LON at the Well-
come Department of Imaging Neuroscience).

2.3. Neuropsychological tests

Crystallized 1Q was measured with the Vocabulary test of
the Shipley Institute of Living Scale (Shipley, 1986) and the Na-
tional Adult Reading Test (Nelson and Willison, 1991). Executive
functioning and attention were tested using the Digit Span For-
ward and Backward from the Wechsler Adult Intelligence Scale
(Wechsler, 2008) and Trails A and B and Verbal Fluency tests from
the D-KEFS (Delis et al., 2001). Finally, the Memory Functioning
Questionnaire (MFQ) was administered to characterize subjective
memory experience such as concerns about memory performance
in daily life (Gilewski et al., 1990). We analyzed data from two sub-
scales of the MFQ: the frequency (32 items) and seriousness of for-
getting (18 items). Responses varied on a 7-point Likert scale with
low scores indicating more severe memory problems and higher
scores representing no problems. We created an executive func-
tioning composite score by taking the average z-score across the
total digit span, Trails B and verbal fluency tests. See Table 1 for an
overview of the neuropsychological profile of at-risk older adults
compared to cognitively unimpaired participants.

2.4. Magnetic resonance imaging sequences

For each participant, two structural images were taken on a
3T Siemens Trio MRI system (Erlangen, Germany) with a 32-
channel head coil: (1) a whole-brain T1-weighted (1x1x1 mm)
magnetization-prepared rapid gradient-echo (MPRAGE) sequence
with a repetition time (TR) of 2300 ms, an echo time (TE) of 2.96

ms, a field of view (FOV) of 256 mm, flip angle of 9°, and 176 sagit-
tal slices; and (2) a high-resolution T2-weighted turbo spin echo
(TSE) image with TR/TE = 8020/50 ms, FOV = 175 mm and flip an-
gle of 122° with partial brain coverage of 30 oblique coronal slices
covering the medial temporal lobe at a resolution of 0.4 x 0.4 x 2
mm.

Eight T2-scans were excluded from all analyses with manually
segmented volumes due to substantial motion artefacts. Another
participant was excluded due to motion visible in the T1 scan. Fi-
nally, one participant was excluded from analyses on hippocampal
volumes because of significant blurring that was restricted to this
region. As a result, perirhinal and entorhinal volumes were avail-
able for 102 participants for manual segmentations (21 AR, 81 CU),
whereas for the hippocampus this was the case for 91 individuals
(21 AR, 70 CU) due to a technical error that cut off the hippocam-
pal tail in eleven T2-scans. For ERC volumes and thickness derived
from Freesurfer version 6, 106 scans were available (22 AR, 84 CU).

2.5. Freesurfer segmentation

T1-weighted scans were used to obtain total intracranial vol-
ume (TIV) and MTL cortical thickness estimates based on the
Desikan-Kiliany atlas (Desikan et al., 2006; Fischl and Dale, 2000).
Thickness measures were extracted for entorhinal cortex and
parahippocampal gyrus which in the Freesurfer parcellation in-
cludes both PRC and PHC. We calculated the average thickness
across the two hemispheres. Total frontal volumes were obtained
from the Freesurfer parcellation by summing volumes from left
and right hemispheres of all regions defined to be located in the
frontal lobes as described in https://surfer.nmr.mgh.harvard.edu/
fswiki/CorticalParcellation.

2.6. Manual segmentation

MTL sub-regions were defined by manual segmentations of the
T2 images using ITK-Snap software (Version 3.6.0; www.itksnap.
org) (Yushkevich et al., 2006). Segmentations delineated perirhi-
nal cortex (PRC), entorhinal cortex (ERC), parahippocampal cor-
tex (PHC), and the hippocampus (see Fig. 2). Within the body of
the hippocampus (beginning from the first slice after the disap-
pearance of the uncus), hippocampal sub-fields CA1, subiculum,
and a combined CA3/Dentate gyrus region were also delineated.
Segmentations were conducted following a protocol developed by
Carr and colleagues (2017). Manual segmentations of 103 T2-scans
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a. Hippocampal
head (anterior

hippocampus)

b. Hippocampal
body (anterior)

¢. Hippocampal
body (posterior)

d. Hippocampal
tail (posterior
hippocampus)

. Hippocampal head

- Subiculum —] CAl

Parahippocampal cortex . CA3DG

(PHC)

Entorhinal cortex (ERC) . Perirhinal cortex (PRC)

. Hippocampal tail

Fig. 2. Example of a manual segmentation on a high resolution T2-weighted image. (For interpretation of the references to color in this figure legend, the reader is referred

to the Web version of this article.)

were randomly assigned to one of two raters (HMG; BGF) blinded
to cognitive status. Prior to segmentation, the raters jointly coded
the slice number of the onset and offset of each sub-region and
resolved any ambiguities in collateral sulcus type (shallow, nor-
mal, deep, double) which dictated the delineation of the PRC-ERC
boundary. Six images were segmented by both raters in order to
assess inter-rater reliability based on the Dice coefficient. The Dice
metric indicated good to excellent inter-rater reliability ranging
from 0.86 to 0.90 depending on the region with a mean of 0.89

+ 0.03. For all analyses, volumes of the two hemispheres were
pooled.

Sub-regional volumes were corrected for TIV before analysis
according to the formula Volumecor = Volumerw - B*(TIVingiv-
TIVmean), Where 8 refers to the regression coefficient of the model
on a given regional volume of interest while using TIV as predictor.
We chose this normalization method to maximize comparability
with prior studies (Bennett et al., 2019; Doxey and Kirwan, 2015;
Kern et al., 2021; Olsen et al., 2017; Stark and Stark, 2017).
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2.7. Statistical analysis

All analyses were carried out in RStudio version 1.2.5001.

In accordance with prior work on comparisons of Forced Choice
and Yes/No performance (Bayley et al., 2008; Gellersen et al., 2021;
Trelle et al., 2017), we calculated the discriminability index d’ as
follows:

Forced Choice d’ = L zHits — zFalse Alarms),
V2

Yes/No d’ = z(Hits) — z(False Alarms).

Accuracy of perceptual discrimination tasks was also trans-
formed to d’ scores according to a 3-stimulus oddity task design.
If the proportion of hits or misses was 0 or 1, we applied a cor-
rection to avoid a d’ of infinity: 0% misses were recoded as 1/(2N)
and 100% hits as 1-1/(2N) with N =100, N = 36, or N = 24 to
reflect the number of trials in the mnemonic discrimination, high
ambiguity perceptual discrimination or low ambiguity perceptual
discrimination task, respectively (Macmillan and Creelman, 1991).

2.8. MoCA group differences in mnemonic and perceptual
discrimination

We excluded four participants from analyses of memory (n = 1
AR) and perception ( n = 2 AR, n = 1 CU) scores, respectively, be-
cause in three cases their performance suggested that they misun-
derstood the task instructions or were responding randomly (these
data points are not excluded from Fig. 3) and in one case there was
a technical error during the acquisition of the perceptual discrimi-
nation task.

We used linear mixed-effects models with the Imer function
from the Ime4 package in R (Bates et al., 2015) and tested whether
cognitive status (cognitively unimpaired, at-risk for MCI) as in-
dexed by MoCA scores was related to performance in percep-
tual and mnemonic discrimination. The dependent variable for the
first model was performance on mnemonic discrimination tasks
as indexed with d’. We compared candidate models in a step-
wise fashion with the full model of interest being: d’ ~ Age + Ed-
ucation + MoCA status (CU, AR) + Task Format (Forced Choice,
Yes/No) + Age x Task Format x MoCA status + Error (by Subject ID),
where individual participants were modeled as random intercepts.
Based on our prior findings of age-related deficits in mnemonic
discrimination being equivalent across the two tests, we did not
include an age by task format interaction or an age by MoCA
by task format interaction (Gellersen et al., 2021; Trelle et al.,
2017).

We previously found that age effects were more pronounced
for high than low feature ambiguity (Gellersen et al., 2021) and
hypothesized that older adults at risk for MCI would show the
greatest deficit in high-ambiguity object perceptual discrimination
compared to CU older adults. For the model on perceptual dis-
crimination scores, we therefore tested the full model with the
highest-order interaction being one of age, MoCA status, ambi-
guity and category: d’ ~ Education + Age x Ambiguity x Cate-
gory x MoCA status + Error (by Subject ID), with all lower-order
interactions included except for those with education (not shown
here for the sake of brevity). Models were fitted using restricted
maximum likelihood estimation. Post-hoc tests were carried out
on estimated marginal means for a given effect of interest while
controlling for multiple comparisons using a Tukey correction. To
determine which effects should be retained in the model, we used
F-tests, Akaike Information Criterion (AIC), Bayesian Information
Criterion (BIC) and Root Mean Squared Error (RMSE).

Normality of residuals and homoscedasticity were assessed us-
ing Shapiro-Wilk’s test and Breusch-Pagan test, respectively, and

visual inspection of diagnostic plots. Models were examined for ex-
treme standardized residuals (£3) and for influential cases based
on Cook’s distance with a cut-off of 4/number of cases in the
model. Robustness tests for problematic cases involved case dele-
tion and calculation of robust standard errors with the robustlmm
package for mixed models (Koller, 2016), to determine whether a
correction would result in a substantial change in the model.

The model on mnemonic discrimination scores violated the as-
sumption of homoscedasticity. To account for the differences in
variance of residuals of the two MoCA groups, we adjusted the
variance-covariance matrix to allow for heterogeneity of variance
on the basis of Format. The model also had non-normally dis-
tributed residuals, but after removal of influential cases, the results
remained robust and residuals were normally distributed. Given
that the model effects remained robust to the removal of these
cases, the non-normality of residuals did not change the interpre-
tation of the model and we refrained from transforming the data
to facilitate interpretability of the model.

2.9. Mediation analysis: What factors can account for the effect of
cognitive status on mnemonic discrimination?

We previously found that individual differences in Forced
Choice and Yes/No mnemonic discrimination performance were
differentially related to other cognitive abilities (Gellersen et al.,
2021). Although perceptual discrimination correlated with
mnemonic discrimination across both tasks, when comparing
the relative contribution to performance in the two test formats,
perceptual discrimination was more strongly associated with
Forced Choice performance, while executive function better ex-
plained inter-individual differences in Yes/No performance. Here
we followed up on our findings of mnemonic discrimination
impairments in at-risk older adults by determining whether per-
ceptual discrimination and executive functioning could account for
the effect of cognitive status on memory as a function of task de-
mands. Based on our finding from the mixed linear models which
showed no statistical differences in the effects of MoCA status
as a function of perceptual discrimination task stimulus category
(objects, scenes) and feature ambiguity (low, high; see Results),
we used a composite score of perceptual discrimination as pre-
dictor. Given the shared representational demands for any task
requiring the disambiguation of perceptually highly similar stimuli
and in order to optimize for statistical power, we conducted a
mediation analysis with average mnemonic discrimination scores
across tasks to test whether the total perceptual discrimination
score could account for the relationship between MoCA group
status and memory performance. We also conducted a mediation
analysis to test whether executive deficits could account for the
effect of MoCA status on Yes/No mnemonic discrimination. The
MoCA contained shorter, simpler versions of the tasks used in
our executive functioning composite (trail making, fluency and
digit span). However, aside from a weak correlation between the
respective digit span tasks (r = 0.26, p = 0.01), scores on the
other tests were unrelated (p > 0.3). We therefore deemed it
appropriate to conduct our analysis on cognitive status based on
the total MoCA scores. The mediation analysis was carried out
using ordinary least squares regression with the mediation package
in R (Tingley et al., 2014) and statistical significance tests were
based on bootstrapping with 10,000 iterations. Age was used as a
covariate in all models.

2.10. MTL sub-regional volumes and associations with cognition

Our structural measures of interest included total hippocam-
pal, CA3DG, ERC, PRC, and PHC volume, as well as ERC and PHC
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thickness. Associations between gray matter integrity and MCI risk
status for these regions were probed using linear regressions. In
the case of the model for ERC thickness, we adjusted the variance-
covariance matrix using an HC3 estimator in the R sandwich pack-
age to mitigate the effect of heteroscedasticity in the model resid-
uals (Zeileis, 2004; Zeileis et al., 2020). All analyses included age
and education as covariates and were conducted on TIV-corrected
volumes. Thickness measures were not normalized for TIV but cor-

rected for sex (Westman et al., 2013). We then followed a stepwise
procedure informed by best subset regression to probe for the con-
tribution of different gray matter metrics to explaining variability
in task performance. In this stepwise procedure, we selected mod-
els based on AIC with the criterion for model selection defined
as AAIC<-2 in line with prior work in the field (Palmqvist et al.,
2021). We tested for positive associations based on one-tailed tests
of model coefficients. For the model on scene perception, we con-
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Table 2
Performance on mnemonic and perceptual discrimination tasks by MoCA status

Cognitive measures Cognitively At-risk for MCI
unimpaired (N = 25)
(N = 86)
Forced Choice (d’) 1.09 (0.38) 0.75 (0.34)
Yes/No (d") 0.96 (0.48) 0.53 (0.43)
Object discrimination low (d’) 6.12 (1.13) 5.32 (1.29)
Object discrimination high (d’) 2.31 (0.68) 2.00 (0.65)
Scene discrimination low (d’) 4.96 (1.21) 4.10 (1.46)
Scene discrimination high (d’) 3.12 (0.65) 2.62 (0.65)

sidered ERC, hippocampus and PHC measures as predictors. For ob-
ject perception, we included ERC and PRC. For the two mnemonic
discrimination test formats, candidate predictors were ERC, PRC,
CA3DG, and total hippocampal gray matter metrics.

3. Results

3.1. Neuropsychological profile of cognitively unimpaired vs. at-risk
older adults

Controlling for age, the at-risk group did not report signifi-
cantly more instances of forgetting in their everyday lives (F (1,
105) = 0.98, p = 0.726), nor did they rate instances of forgetting
as significantly more serious compared to the unimpaired group
(F (1, 105) = 1.95, p = 0.581). While the groups were defined by
overall MoCA score, it is noteworthy that the at-risk group per-
formed worse on all sub-scales of the test: attention, visuospa-
tial/executive, language and memory, with the most apparent ef-
fect being on the memory sub-scale (all p < 0.001, controlled for
age). The high-risk group also had lower scores on Shipley Vocab-
ulary and the National Adult Reading tests, Trail Making test (ver-
sion B) and the Digit Span test (all p < 0.001 while controlling for
age).

3.2. Older adults at risk for MCI are impaired in mnemonic and
perceptual discrimination

A summary of mean scores on the memory and perception
tasks can be found in Table 2. Fig. 3 shows the effect of MoCA
group status on mnemonic and perceptual discrimination perfor-
mance (d’).

Mnemonic discrimination performance could best be explained
based on main effects of format and MoCA status in addition to
the covariates of age and education. The at-risk group performed
significantly worse across mnemonic discrimination tasks relative
to the unimpaired group (F(1, 103) = 8.62, 8 = 0.530, SE = 0.180,
p = 0.004). Older age was also associated with worse memory
performance across test formats (F(1, 103) = 24.56, 8 = -0.295,
SE = 0.075, p < 0.001). Across groups, performance was higher
in the Forced Choice test format than the Yes/No test format (F(1,
106) = 13.69, B = -0.320, SE = 0.087, p < 0.001). Adding an inter-
action of MoCA group and task format did not improve the model
(AAIC = 2.58; interaction effect: F(1,105)= 0.73, 8 = 0.177, SE =
0.208, p = 0.396), suggesting that deficits in the two mnemonic
discrimination tasks were equivalent in at-risk individuals. In a
follow-up analysis we tested for the proportion of variance shared
between the 2 tasks. Based on Stark and colleagues (2015) test-
retest reliability for the mnemonic similarity task is 0.63. If the
2 tasks (FC, YN) were redundant, one should expect a similar R?
value. However, our findings suggest that the 2 tasks capture dif-
ferent aspects of long-term memory based on an R? of half the
expected value (23% and 36% of shared variance with and with-
out controlling for age, respectively), based on our prior findings

(Gellersen et al., 2021) and on the mediation analyses reported be-
low.

Perceptual discrimination performance could best be accounted
for using a model with age, education, stimulus category, feature
ambiguity, and MoCA status as main effects, and a 2-way inter-
action between category and ambiguity. The at-risk group per-
formed significantly worse in perceptual discrimination relative to
the unimpaired group (F(101) = 8.75, 8 = 0.269, SE = 0.091, p =
0.004). The magnitude of this impairment did not differ by stim-
ulus category or feature ambiguity as the addition of either in-
teraction effect did not improve the model (for MoCA by cate-
gory: AAIC = 3.15; interaction: F(1,311)= 0.23, 8 = 0.095, SE =
0.201, p = 0.475; for MoCA by ambiguity: AAIC = 1.86; interaction:
F(1,311) = 152, B = 0.247, SE = 0.200, p = 0.219). Performance
did not significantly vary as a function of age once MoCA status
was included in the model (F(101) = 2.58, 8 = -0.060, SE = 0.037,
p = 0.111). A stimulus category (object, scene) by feature ambiguity
(high, low) interaction was also observed (F(312) = 142.78, 8 = -
1.101, SE =.092, p < 0.001), reflecting higher performance for scene
stimuli relative to the object stimuli in the high ambiguity condi-
tion (t(312) = -6.83, p < 0.001), but higher performance on the
object stimuli than the scene stimuli in the low ambiguity condi-
tion (t(312) = 10.07, p < 0.001). Put another way, regardless of risk
status, the effect of increasing feature ambiguity was more detri-
mental to performance for the object than the scene discrimination
task (t(312) = -11.95, p < 0.001).

All results were robust to the removal of outliers and cases
identified as having extreme residuals or greater influence on the
regression coefficients. In a sensitivity analysis controlling for both
education and premorbid IQ, as defined by the NART, these results
remained robust. Given the potential role of working memory in
perceptual oddity tasks, we conducted a sensitivity analysis con-
trolling for executive functions which were added to the best fit
model identified for perceptual discrimination. Despite an associ-
ation between executive functions and perceptual discrimination
(F(1,99) = 3.97, B = 0.078, SE = 0.039, p = 0.049), the effect of
risk status remained significant (F(1,99) = 4.15, 8 = 0.199, SE =
0.098, p = 0.044).

3.3. Factors accounting for mnemonic discrimination deficits

We next set out to determine whether different cognitive
factors could explain the relationship between risk status and
mnemonic discrimination. Figs. 4A and 4B show the pairwise
associations between executive functions, perceptual discrimina-
tion and mnemonic discrimination as a function of memory task
format. Our analyses follow from our previous work in cogni-
tively unimpaired older adults, which demonstrated that executive
functions (a proxy for prefrontally-driven strategic retrieval abili-
ties) and perceptual discrimination (a proxy for representational
quality) made different contributions to individual differences in
mnemonic discrimination performance as a function of task for-
mat (Gellersen et al., 2021), with executive functioning being rela-
tively more important for Yes/No as opposed to Forced Choice per-
formance due to the absence of retrieval support and the result-
ing need for strategic retrieval strategies such as recall-to-reject
(Migo et al., 2009). To ensure that the same effects could still be
observed when including the at-risk group in our sample we con-
ducted stepwise regressions which reproduced the findings from
Gellersen et al. (2021), finding perceptual discrimination as predic-
tors in a model for Forced Choice and Forced Choice and executive
functions as predictors of Yes/No performance (Supplementary Ma-
terial). To provide a direct statistical comparison of the contribu-
tion of these 2 factors as a function of task format, we ran a mixed
linear model with mnemonic discrimination scores as dependent
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variable and format (FC, YN) and cognitive process (EF, PD) as pre-
dictors. We found support for a 3-way interaction between these
factors (F(1,294) = 5.42, 8 = -0.130, SE = 0.056, p = 0.021), with a
post-hoc analysis showing that executive functions were indeed a
significantly better predictor for Yes/No than Forced Choice perfor-
mance (Estimate = -0.171, SE = 0.046, t(296) = -3.74 p = 0.001). For
the contribution of perceptual to mnemonic discrimination, there
was no statistically significant difference between Forced Choice
and Yes/No tasks (Estimate = -0.041, SE = 0.032, t(296) = -1.27 p
= 0.586).

Using mediation analyses we next tested whether risk sta-
tus reflects contributions from perceptual processes (generally im-
portant for mnemonic discrimination performance) and executive
functions (additionally important for Yes/No) by testing each fac-
tor as a mediator of the relationship between MoCA group sta-
tus and mnemonic discrimination. The mediation analysis on mean
mnemonic discrimination scores across tasks (Fig. 4C) showed a

significant indirect effect of MoCA status via perceptual discrim-
ination performance (8 = 0.139, 95% (I [0.001, 0.342], p = 0.048)
which did not entirely account for the direct effect (8 = 0.566, 95%
CI [0.166, 0.971], p = 0.006). This suggests a small, partial media-
tion effect and a potential role for complex perceptual processes in
mnemonic discrimination deficits in individuals at risk for cogni-
tive decline.

Fig. 4D shows the results of the mediation analysis for predict-
ing Yes/No performance from MoCA group with neuropsychologi-
cal tests of executive functions as a mediator. The total effect of
MoCA status on Yes/No mnemonic discrimination (8 = 0.558, 95%
CI [0.204, 0.939], p = 0.005) could be accounted for by an indi-
rect effect via executive functioning as mediator (8 = 0.326, 95%
CI [0.113, 0.630], p < 0.001), rendering the direct effect of MoCA
group on Yes/No performance nonsignificant (8 = 0.232, 95% CI [-
0.190, 0.623], p = 0.255), that is, consistent with full mediation.
A sensitivity analysis for Forced Choice performance demonstrated
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that executive dysfunction was not a mediator for poorer target-
lure discriminability in at-risk older adults in this task with lower
demands on strategic retrieval (8 = 0.153, 95% CI [-0.123, 0.824],
p = 0.262). A second sensitivity analysis showed that both Forced
Choice (B = 0.474, 95% CI [0.319, 0.630], p < 0.001) and execu-
tive functioning (8 = 0.296, 95% CI [0.146, 0.447], p < 0.001) made
independent contributions to inter-individual variability in Yes/No
performance. These sensitivity analyses dovetail with the results of
the mediation analysis which support the notion that Yes/No per-
formance additionally relies on cognitive control abilities, whereas
Forced Choice deficits in the AR group cannot be explained by this
factor.

3.4. MoCA status is associated with entorhinal cortical thickness and
volume

A summary of the relationship between MoCA group and
MTL volumes and cortical thickness of our regions of interest
can be found in Fig. 5. Our analyses focused on the categorical
MoCA group status. Individuals who failed the MoCA exhibited
significantly reduced entorhinal cortical thickness (derived from
Freesurfer: 8 = 0.741, SE = 0.332, t = 2.23, p = 0.028, adjusted
R? = 0.12, 2 = 0.09 in a model with age and education as covari-
ates) and volume (derived from manual segmentations: 8 = 0.533,
SE = 0.249, t = 2.14, p = 0.035, adjusted R? = 0.04, £ = 0.05).
There were no differences between MoCA groups in terms of hip-
pocampal volume (p = 0.179). For all other MTL sub-regions, no
associations between MoCA status and gray matter were found (all
p > 0.05).

In an exploratory analysis, we also tested whether the at-risk
group had lower frontal cortex volume given their pronounced ex-

ecutive functioning deficits. No differences between risk groups
were found (p > 0.9).

3.5. Associations between brain structure and cognition

Fig. 6A presents brain-behavior relationships for Yes/No or
Forced Choice mnemonic discrimination. In no case did the ad-
dition of a gray matter measure for either of the models on
mnemonic discrimination metrics pass the criteria for model se-
lection (AAIC<2). ERC thickness showed a weak association with
scene discrimination performance (model: F(3, 82) = 2.83, p =
0.043, adjusted R? = 0.06, £ = 0.03) that trended towards sig-
nificance (8 = 0.152, SE = 0.094, p = 0.056), but made negligible
improvement to the model fit (AAIC = -0.66 over a model with
age and education). The latter was also true for ERC thickness as a
predictor in the object discrimination task (model: F(3, 83) = 3.96,
p = 0.011, adjusted R? = 0.09, 2 = 0.05; AAIC = 0.01 over a model
with age and education; coefficient: § = 0.191, SE = 0.098, p =
0.028). Using a combined score of object and scene tasks in an ex-
ploratory analysis increased the effect size for ERC thickness, likely
by reducing measurement error (F(3, 81) = 4.33, p = 0.007, ad-
justed RZ = 0.11, £ = 0.06; AAIC = -3.04 over a model with age
and education; ERC: 8 = 0.206, SE = 0.093, p = 0.015).

To test whether the association between performance on high-
ambiguity perceptual discrimination and ERC thickness is greater
than other structure-behavior associations, we directly compared
regression coefficients for entorhinal thickness and ERC, PRC, PHC,
and hippocampal volume. The effect for ERC thickness (8 = 0.219,
95% CI [0.031, 0.407]) was not significantly different from that for
ERC volume (8 = 0.205, 95% CI [-0.028, 0.438]; F(1,77)= 0.01, p
= 0.932), only marginally larger than the association with PRC
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(B = -0.087, 95% (I [-0.312, 0.138]; F(1,77) = 3.98, p = 0.050) and
PHC volume (8 = -0.056, 95% CI [-0.265, 0.152]; F(1,77) = 3.99,
p = 0.049), and significantly larger than the association with hip-
pocampal volume (8 = -0.279, 95% CI [-0.510, -0.049]; F(1,77) =
9.78, p = 0.002).

Follow-up exploratory analyses of brain-behavior relationships
for total frontal volumes revealed no association with executive
functions or mnemonic discrimination (all p > 0.05). All brain-
behavior associations of interest as defined in the Methods section
are shown in Fig. 6.

4. Discussion

In this study, we investigated cognitive and neural factors un-
derpinning individual variability in mnemonic discrimination in
healthy older adults and those at risk for cognitive impairment.
We focused on older adults who have been identified as at risk
for mild cognitive impairment based on a clinical screening tool
(the Montreal Cognitive Assessment, MoCA) but who have not
presented to a clinician. We found that mnemonic discrimination
deficits in at-risk older adults were equivalent across Forced Choice
and Yes/No test formats. At-risk individuals also demonstrated a
deficit in perceptual discrimination of objects and scenes. This was
not only when items were characterized by high feature overlap,
but, contrary to our predictions, also when feature ambiguity was
lowered. This deficit across all perceptual tasks mediated the rela-
tionship between cognitive risk status and mnemonic discrimina-
tion. In contrast, executive dysfunction accounted for Yes/No but
not Forced Choice performance. At-risk older adults had reduced
entorhinal cortical thickness and volume. Across all older adults,
there was little evidence that MTL gray matter structure was re-
lated to inter-individual differences in mnemonic and perceptual
discrimination performance, bar a small effect of entorhinal thick-
ness on perceptual discrimination when combined across high am-
biguity object and scene discrimination.

Our finding that mnemonic discrimination metrics are sensitive
to cognitive risk status in older adults is in line with prior stud-
ies using Yes/No and Old/Similar/New paradigms (Bennett et al.,
2019; Dillon et al.,, 2017; Pishdadian et al., 2020; Reagh et al,,
2014; Trelle et al., 2021; Yassa et al., 2010). We further probed
the nature of mnemonic discrimination deficits in at-risk older
adults by contrasting Yes/No and Forced Choice formats to ma-
nipulate the degree to which mnemonic discrimination perfor-
mance would place demands on PFC-mediated strategic retrieval
processes and hippocampal-dependent mechanisms (Bastin and
van der Linden, 2003; Gallo, 2004; Holdstock et al., 2002;
Migo et al., 2009; Norman, 2010; Yonelinas, 2002). Previous stud-
ies have demonstrated that pattern separation deficits exist in
older adults with memory impairment and MCI and contribute
to mnemonic discrimination impairment in Old/Similar/New task
formats (Reagh et al, 2014; Yassa et al., 2010). Whether these
mnemonic deficits are equally pronounced in Forced Choice per-
formance was less clear. Our finding of Forced Choice deficits
in at-risk older adults suggests that reducing demands on recol-
lection processes and allowing greater reliance on gist-based re-
sponding is not sufficient to rescue performance in this group
(Bastin and van der Linden, 2003; Gallo, 2004; Gallo et al., 2006;
Norman, 2010; Yonelinas, 2002). These results parallel those in
prior work in community-dwelling older adults (Gellersen et al.,
2021; Huffman and Stark, 2017; Trelle et al., 2017) and confirm our
hypothesis that memory tasks reliant on high-fidelity representa-
tions formed by MTL sub-regions are sensitive to MCI risk even if
recollection is not required for good performance.

To further this point, we also tested whether at-risk older
adults would show comparable deficits in perceptual discrimina-

tion of objects and scenes under conditions of high feature ambi-
guity, task conditions in which demands on complex, conjunctive
MTL-dependent representations are thought to be similarly high.
Although it has previously been suggested that such tasks may be
sensitive to risk for cognitive decline due to their reliance on MTL
(Anderson, 2019; Fidalgo et al., 2016a; Grande et al., 2021), per-
ceptual discrimination has rarely been tested empirically for this
purpose. Our finding that older adults at risk for MCI are not only
impaired on mnemonic but also on perceptual discrimination tasks
lends support to these proposals. Interestingly, individuals at risk
for MCI were also impaired on low ambiguity perceptual discrimi-
nation task. While such a deficit was not expected in a nonclinical
population, this pattern suggests decline in representational qual-
ity beyond the MTL in ventral visual cortex (Lemos et al., 2016).
Future work using AD biomarkers is necessary to provide direct ev-
idence as to whether perceptual discriminations tasks are sensitive
to early and subtle cognitive decline associated with preclinical AD.

Our finding that task demands may affect mnemonic discrim-
ination deficits in older adults at risk for MCI is of particular in-
terest for future work on early detection of memory decline us-
ing these tests. Although the magnitude of decline in mnemonic
discrimination performance was equivalent across task formats
among at-risk older adults, our results suggest that the interpreta-
tion of these deficits should be considered carefully, because task
formats could have a major influence on the underlying processes
that give rise to such deficits. Perceptual discrimination deficits
may contribute to decline in mnemonic discrimination observed
in high-risk individuals, both in our study and in previous work,
regardless of task format (Berron et al., 2019; Sinha et al., 2018;
Stark et al., 2013; Trelle et al., 2021; Webb et al., 2020; Yassa et al.,
2010). This is likely because less detailed perceptual representa-
tions not only hamper hippocampal pattern separation but also
weaken the distinctiveness of a cortical strength-based memory
signal by virtue of leaving memory representations more vulner-
able to interference (Kent et al., 2016; Ly et al., 2013; Monti et al.,
2014; Muecke et al., 2018; Newsome et al., 2012; Ryan et al., 2012).

In contrast, the findings from our analysis with executive func-
tions as mediator suggest that in mnemonic similarity tests with
the Yes/No or Old/New/Similar format used in most studies to date,
PFC-dependent processes, in addition to hippocampal recall, signif-
icantly contribute to the relationship between cognitive risk status
and mnemonic discrimination performance (Adams et al., 2020;
Bencze et al., 2021; Foster et al., 2020; Kirwan and Stark, 2007;
Reagh et al., 2018; Sinha et al., 2018; Stark et al., 2019; Webb et al.,
2020). In line with this proposal, Pishdadian et al. (2020) showed
that performance in the traditional Old/New/Similar mnemonic
similarity task was associated with total MoCA scores and scores
on the executive functioning sub-score but not with the mem-
ory sub-scale of the MoCA. These findings support the notion that
this test format for mnemonic discrimination is sensitive to risk
for general cognitive impairment but suggests that the task is not
necessarily specific to indexing hippocampal-dependent changes
to memory. Prefrontal atrophy and dysfunction is common in old
age and in a variety of neurological conditions besides Alzheimer’s
disease (Boyle et al., 2004; Lockwood et al., 2002) and entorhi-
nal thinning tends to precede marked PFC atrophy as shown here
and in prior work on preclinical AD (Mak et al., 2017). Reduc-
ing demands on executive functioning may therefore increase the
specificity of mnemonic discrimination metrics for early detec-
tion of detrimental memory changes. Given that executive func-
tions explained little overall variance in Forced Choice performance
and could not account for performance deficits among the at-risk
older adult group, our findings show that the Forced Choice test
may provide valuable complementary information to performance
probed with Yes/No or Old/New/Similar test versions. Future stud-
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ies should explore the influence of mnemonic discrimination test
format in the context of AD biomarkers to determine sensitivity to
amyloid and tau burden in older adults prior to clinical decline.
Although the present study sought to isolate MTL-dependent
perceptual discrimination ability using high ambiguity oddity
tasks, it is not possible to rule out working memory contributions
to task performance. However, we maintain that the most dom-
inant characteristic impacting performance on this task are de-
mands on complex feature conjunctions supported by the MTL,
as demonstrated by a wealth of patient and neuroimaging work
that have leveraged these stimuli previously (Barense et al., 2007,
2010; Erez et al., 2013; Lee et al., 2005). Moreover, our results show
that associations between mnemonic and perceptual discrimina-
tion are not due to potential shared demands on cognitive con-
trol given that perceptual discrimination scores, but not executive
functions, predicted individual differences in Forced Choice perfor-
mance. Thus, any contributions of working memory processes to
performance are unlikely to fully account for our findings of poorer
complex perceptual discrimination in older adults at risk for MCI.
It is worth noting that while we and others have pro-
vided evidence for impaired perceptual discrimination in older
adults, particularly under conditions of high feature ambiguity
(Gellersen et al., 2021; Ryan et al., 2012; Trelle et al., 2017), this
is not always observed. For example, a study by Yassa and col-
leagues (2011) did not find an age deficit in a perceptual/short-
term memory version of the mnemonic discrimination task in
which a studied object was followed by a brief noise mask af-
ter which a target, lure, or novel foil was presented. One key dif-
ference between this task and the perceptual discrimination task
used here is that stimuli were presented from the same view-
point as opposed to different angles. Prior work has demonstrated
that the involvement of the MTL in perceptual discrimination tasks,
and the likelihood that perceptual discrimination is impaired with
age, is related to the degree a task places demands on viewpoint-
invariant representations (Barense et al., 2007; Ryan et al., 2012).
In contrast, when stimuli are presented from the same viewpoint,
a single feature strategy can more easily disambiguate targets and
foils and performance is less likely to rely on the MTL or be im-
paired in older adults. This strategy may be sufficient to maintain
adequate performance in the short-term mnemonic discrimination
task without feature interference but it may become less reliable
at higher memory load (Gellersen, 2022) and longer study-test de-
lays where the ability to form highly detailed, unique stimulus rep-
resentations may be relatively more important. These greater de-
mands on viewpoint-invariant processing and the formation of de-
tailed holistic representations robust to accumulating feature inter-
ference may explain why age effects were observed in our percep-
tual and long-term mnemonic discrimination tasks, respectively,
but not in the study by Yassa and colleagues (2011). Thus, we
do not see their results as incompatible with the current findings.
However, they do highlight the complexity of exploring the role of
the MTL in perception, including the key role of stimulus set fea-
tures, as noted in recent computational work (Bonnen et al., 2021).
As expected, and in line with the literature, individuals with
cognitive impairment exhibited reduced ERC thickness and vol-
ume relative to the unimpaired group (Devanand et al., 2008;
Zhang et al., 2011). Structural changes in the ERC often correlate
with tau deposition even in cognitively unimpaired older adults,
raising the possibility that some proportion of individuals fail-
ing the MoCA may exhibit such pathology (Maass et al., 2018;
Schroeder et al., 2017; Thomas et al., 2020). Regardless of underly-
ing biomarker status, observed differences in ERC thickness suggest
that the MoCA is sensitive to differences in MTL structural integrity
among community-dwelling older adults without subjective mem-
ory complaints or a clinical diagnosis, as suggested by prior work

(Olsen et al., 2017). Given that reduced MTL structural integrity is
itself a key risk factor for cognitive decline (Holbrook et al., 2019),
this finding lends support to the idea that MoCA underperform-
ers are “at-risk” for cognitive impairment. Future work exploring
risk for cognitive impairment among community-dwelling volun-
teers would benefit from a full neuropsychological evaluation, as
well as the inclusion of in vivo AD biomarkers.

We expected that the use of a gold standard manual segmenta-
tion method and MTL-dependent sensitive memory and perception
tasks would allow us to detect associations between perceptual-
mnemonic processes and MTL sub-regional structure. However, we
only found partial support for associations between brain struc-
ture and cognition. Individual differences in perceptual, but not
mnemonic discrimination, were weakly associated with entorhi-
nal cortical thickness. Given that ERC thickness was strongly re-
lated to MoCA status, our statistical power to detect a structural
effect was likely greatest for ERC over other sub-regions. The ab-
sence of a detectable relationship between MTL sub-regions and
memory scores may be surprising, as one would expect that vari-
ance in MTL structure would translate to the memory domain.
However, the association between ERC thickness and perceptual
discrimination was small and only held when combining scores
from the object and scene tasks. We also found only weak sup-
port for this brain-behavior relationship being specific to entorhi-
nal thickness as opposed to other MTL gray matter measures.
These data suggest that most of the associations between regional
MTL gray matter measures and cognitive performance may have
been too subtle as to be detected in the present sample, possi-
bly due to statistical power and/or the fact that the majority of
participants were cognitively normal. Future work in larger sam-
ples as well as measurement of changes in MTL structural in-
tegrity over time may also offer increased sensitivity compared
to the present cross-sectional analysis, which cannot decouple
natural variation in MTL sub-region volume from within-subject
atrophy.

It has previously been shown that entorhinal cortical thin-
ning associated with AD pathology can be present without show-
ing any correlation with memory decline (Doherty et al., 2015).
Functional alterations such as hyperactivity in CA3 subfield and
changes to the connectivity of sub-regions within MTL circuits are
often an indicator of mnemonic discrimination deficits prior to the
emergence of associations between structure and memory perfor-
mance (Adams et al., 2020; Berron et al., 2019; Carr et al., 2017;
Reagh et al., 2018; Sinha et al., 2018; Stark et al., 2020; Yassa et al.,
2010, 2011). Our findings may provide boundary conditions for
the relationship between brain macroscale anatomical features and
mnemonic discrimination: in prior work on mnemonic discrimina-
tion that uncovered associations between MTL sub-regional gray
matter structure and performance, studies often included both
healthy older adults and diagnosed MCI cases (Bennett et al., 2019;
Besson et al., 2020; Dillon et al., 2017), were enriched for the pres-
ence of preclinical AD pathology (Berron et al., 2020), or conducted
their analysis across older and younger adults (Doxey and Kir-
wan, 2015; Stark and Stark, 2017). In all cases, variability in terms
of memory performance and brain structure would be expected
to be greater than in our study. Our data therefore suggest that
brain behavior-relationships are often elusive in older adults with-
out clinical deficits, even when using tasks optimized to tap into
the functions of specific MTL sub-regions.

This study has limitations that should be considered when in-
terpreting the present findings. We did not obtain quantitative data
pertaining to visual acuity which has previously been shown to
contribute to mnemonic discrimination (Davidson et al., 2019). We
can therefore not rule out that such basic perceptual factors made
some contribution to inter-individual variability in our tasks. How-
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ever, it is unlikely that basic sensory decline is the main driver of
the deficit in perceptual and mnemonic discrimination in at-risk
older adults given that their cognitive status was defined on tasks
not reliant on such properties of the visual system.

Furthermore, the use of a cross-sectional design means that
we could not measure intra-individual changes in cognitive abil-
ity over time. For example, some subjects may have lower base-
line cognition, rather than exhibiting meaningful decline (e.g., due
to aging/neurodegeneration; Kocagoncu et al., 2022). To control
for effects of normal inter-individual cognitive ability we relied
on other proxies, controlling for education in all our analyses
and further conducted sensitivity analyses controlling for premor-
bid intelligence. Neither factor changed the interpretation of our
results.

Another limitation is the absence of biomarker data concerning
potential AD pathology. Individuals with MCI or at risk for MCI are
a heterogeneous group (Mariani et al., 2007) and not every adult
identified as at-risk in our study will move on to develop clinical
memory impairment or receive an AD diagnosis. Nonetheless, we
argue that even in the absence of such biomarker data, our at-risk
group is highly likely to harbor more individuals who will move
on to develop MCI and potentially AD. First, prevalence of amy-
loid pathology in cognitively normal individuals aged 60+ years
ranges between 10% and 30% (Chételat et al., 2013; Jansen et al.,
2015; Kern et al., 2018), and is significantly higher in those with
signs of cognitive impairment (Jansen et al., 2015). Second, older
adults with a similar cognitive profile as our at-risk group are
two times as likely to move on to develop AD as their cognitively
normal counterparts (Parnetti et al., 2019). Third, entorhinal thin-
ning is an independent predictor of AD conversion over and above
cognitive status (Betthauser et al., 2020; Doraiswamy et al., 2012;
Rowe et al., 2010; Sperling et al., 2013; Stoub et al., 2005) and the
gray matter differences that were observed in the ERC in our at-
risk group may provide an indirect marker of potential AD pathol-
ogy given prior work showing associations between ERC thick-
ness and tau pathology (Holbrook et al., 2019; Velayudhan et al.,
2013). Moreover, our sample of older adults has similar charac-
teristics (failing the MoCA, no MCI diagnosis, no cognitive com-
plaints) compared to other at-risk groups identified in comparable
studies which present findings of ERC volume loss (Olsen et al.,
2017) and mnemonic discrimination impairment (Fidalgo et al.,
2016b; Pishdadian et al., 2020; Yeung et al.,, 2013) that dove-
tail with the current results. Our findings can therefore still offer
valuable insights into the cognitive profile of these at-risk older
adults. Future work employing in vivo biomarkers is needed to
provide further evidence in particular for the potential utility of
complex perceptual discrimination tasks for the early detection of
AD risk.

In conclusion, the present results add to a growing body of
work demonstrating that individuals who perform below the nor-
mal range on the MoCA exhibit distinct structural and cogni-
tive profiles from unimpaired older adults (Newsome et al., 2012;
Olsen et al., 2017; Yeung et al., 2013, 2017, 2019), which includes
deficits in both mnemonic and perceptual discrimination tasks and
reduced cortical thickness and volume in ERC. Moreover, our re-
sults suggest that the interpretation of mnemonic discrimination
deficit depends on task format, whereby executive functions medi-
ate Yes/No performance, while perceptual discrimination, as proxy
for representational quality, mediates mnemonic discrimination
impairment across task formats. Finally, our findings suggest that
MTL-dependent tasks, including both perceptual and mnemonic
discrimination of stimuli with overlapping features, may be sen-
sitive to risk for clinical cognitive impairment and should be ex-
plored in the context of future biomarker studies to better un-
derstand the potential utility of these tasks for early detection of

Alzheimer’s disease and monitoring of cognitive change in older
adults.
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