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Early Cognitive Decline in Older Adults Better Predicts Object than
Scene Recognition Performance
Celia O. Fidalgo,1* Alana T. Changoor,1 Elizabeth Page-Gould,1 Andy C. H. Lee,1,2 and
Morgan D. Barense1,2

ABSTRACT: There is an ongoing debate regarding the nature of memory deficits that occur in the early stages of mild cognitive impairment
(MCI). MCI has been associated with atrophy to regions that process
objects, namely perirhinal and lateral entorhinal cortices. However, it is
currently unclear whether older adults with early MCI will show memory
deficits that are specific to objects, or whether they will also show memory deficits for other stimulus classes, such as scenes. We tested 75 older
adults using an object and scene recognition task with stimulus-specific
interference (i.e., exposure to irrelevant object or scene stimuli). We
found an interaction (P 5 0.05) whereby scores on the Montreal Cognitive Assessment, a neuropsychological test with high sensitivity to MCI,
shared a stronger relationship with object recognition than with scene
recognition performance. Interestingly, this relationship was not modulated by the stimulus category of interfering items. To further explore
these findings, we also tested an amnesic patient (DA) with known medial temporal lobe damage. Like older adults with early signs of MCI, DA
showed poorer object recognition than scene recognition performance.
Additionally, his performance was not modulated by the stimulus
category of interfering material. By demonstrating that object memory is
more predictive of cognitive decline than scene memory, these findings
support the notion of perirhinal and lateral entorhinal cortex dysfunction
C 2016 Wiley Periodicals, Inc.
in the early stages of MCI. V
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INTRODUCTION
Many prominent models attempt to explain how different components
of the medial temporal lobes (MTL) support declarative memory (e.g.,
recollection and familiarity, Yonelinas, 2002; complementary learning systems, Norman and O’Reilly, 2003; pattern separation and completion,
Bakker et al., 2008; and relational accounts, Cohen and Eichenbaum,
1993). More recently, several theories have focused on the distinct
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stimulus classes supported by different MTL subregions (Litman et al., 2009; Graham et al., 2010; Ranganath and Ritchey, 2012; Liang et al., 2013). Under
these accounts, the perirhinal cortex (Buckley and Gaffan, 1998; Brown and Aggleton, 2001; Murray and
Richmond, 2001; Barense et al., 2005; Lee et al.,
2005a,2005b, 2006; Barense et al., 2007; Burke et al.,
2012) and lateral entorhinal cortex (Deshmukh and
Knierim, 2011; Reagh and Yassa, 2014) have been
implicated in supporting visual object representations.
In contrast, the parahippocampal cortex (Epstein and
Kanwisher, 1998; Soojin and Chun, 2009), medial
entorhinal cortex (Eichenbaum and Lipton, 2008) and
the hippocampus support representations of spatial
scenes (Lee et al., 2005a,2005b, 2008 Zeidman et al.,
2014). Notably, although numerous studies propose
stimulus-specificity across MTL regions, it is unclear
how degeneration of these areas, for instance in association with age-related cognitive decline, affects corresponding object and scene representations.
One of the most consistent and robust memory
deficits associated with healthy aging is relatively
poorer spatial or context memory in comparison to
item memory (Lipman and Caplan, 1992; Newman
and Kaszniak, 2000; Bastin and Van der Linden,
2006; for meta-analyses see Spencer and Raz, 1995;
Old and Naveh-Benjamin, 2008). Converging evidence indicates that age-related declines in hippocampal function (Monti et al., 2005; Antonova et al.,
2009; Wimmer et al., 2012), resting blood flow (Heo
et al., 2009), and connectivity (Schiavetto et al.,
2002) are at least in part responsible for such spatial
memory deficits. However, whether this relative
advantage for single object memory persists during
pathological aging, such as mild cognitive impairment
(MCI) remains an important open question. Individuals with the amnestic variant of MCI demonstrate
memory decline with minimal impairments in daily
living, and preserved general cognitive function (Winblad et al., 2004). The majority of these individuals
(80% over 6 years; Petersen, 2004) go on to develop
Alzheimer’s disease (AD). As such, amnestic MCI is
often considered to be an early transitional phase
between healthy aging and AD. In early disease stages,
the perirhinal and lateral entorhinal cortices are disproportionately impacted, compared to other MTL
structures (Braak and Braak, 1991; Kordower et al.,
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2001; Khan et al., 2014). Given the role of these regions in
object processing, one result of early-stage pathology may be
the loss of the object memory advantage that typically occurs
in healthy older adults, relative to scene or spatial memory.
Although many recent behavioral tasks intended to distinguish
MCI from healthy aging have utilized both object (Barbeau
et al., 2004; Newsome et al., 2012; Stark et al., 2013; Yeung
et al., 2013; Monti et al., 2014) and spatial (Cheng and Pai,
2010; Lithfous et al., 2013; Reagh et al., 2014) memory measures, clarification as to whether object or scene recognition
memory is impacted to a disproportionate degree in early MCI
is critical. If both perirhinal and lateral entorhinal cortex atrophy is more pronounced in early MCI, then object-based tasks
should be more sensitive to cognitive decline than scene-based
tasks. However, this prediction has never been directly tested
by examining object and scene memory simultaneously.
Perirhinal cortex dysfunction affects not only object recognition, but also the ability to resolve object-based interference
(Bartko et al., 2010; McTighe et al., 2010; Barense et al.,
2012). These findings have been accounted for by a recent representational hierarchical model (Cowell et al., 2010; Graham
et al., 2010). According to this view, the perirhinal cortex sits
at the apex of the ventral visual stream, supporting complex,
conjunctive representations of objects. The perirhinal cortex is
required only when a task necessitates conjunctive representations at the object-level, but not when simple features represented earlier in the ventral visual stream are sufficient for task
completion. The representational hierarchical model makes an
important prediction: if complex, object-level representations
within the perirhinal cortex are damaged, interference from
incidental, irrelevant features becomes overwhelming. A stream
of visual input creates interference at the feature-level, simply
because different objects tend to share lower-level features (e.g.,
shapes and colors). However, the higher-level conjunctive representations normally maintained in the perirhinal cortex are
unique to individual objects even when objects share features,
thus shielding against feature-level interference.
If the perirhinal cortex is affected in the earliest stages of cognitive decline, it follows that individuals with MCI will be impaired
on tasks that involve exposure to visual interference. Two recent
experiments investigated this question in cases with diagnosed
MCI and those deemed at-risk for MCI based on a failing score
(<26) on the Montreal Cognitive Assessment (MoCA), a brief
standardized neuropsychological measure that is sensitive in distinguishing controls from MCI patients (Nasreddine et al., 2005;
Damian et al., 2011). For both visual discrimination (Newsome
et al., 2012) and spontaneous object recognition assessed by eye
movements (Yeung et al., 2013), cases with MCI and cases
deemed to be at-risk for MCI demonstrated increased vulnerability to visual object-based interference. Previous research has corroborated the finding that older adults with MCI are particularly
vulnerable to mnemonic interference (Cowan et al., 2003; Ebert
and Anderson, 2009; Dewar et al., 2012). Notably, however,
these studies employed tasks that primarily used word stimuli
and verbal narratives. To our knowledge, no studies to date have
directly investigated the effects of stimulus-specific interference
Hippocampus

in MCI—in particular, whether the nature of the interfering
stimuli between encoding and retrieval (i.e., objects and scenes)
lead to stimulus-specific deficits.
In sum, despite the development of a number of object and
scene memory tasks designed to differentiate healthy aging from
MCI, none have directly compared whether recognition of either
stimulus category is more strongly associated with cognitive
decline. The current study aimed to resolve this conflict by investigating whether older adults showing signs of MCI-related cognitive decline would demonstrate disproportionate object
recognition compared to scene recognition deficits, and whether
these individuals would be especially vulnerable to object interference. We classified older adults as at-risk for MCI on the basis
of MoCA performance (which was corroborated by an extensive
neuropsychological battery; Table 1), and tested them on a version of a recognition memory interference task used previously
with functional magnetic resonance imaging in young participants (Watson and Lee, 2013; O’Neil et al., 2015). This task
allowed us to compare object and scene memory directly, under
conditions of object, scene, or baseline interference, and crucially,
is known to recruit perirhinal cortex during object recognition
following exposure to irrelevant objects. Additionally, we were
interested in how known MTL damage would impact recognition for object and scenes under conditions of interference. To
this end, we also tested amnesic patient DA who incurred extensive MTL damage as a result of viral encephalitis (Table 2) and
was expected to show both object and scene recognition deficits,
as well as increased vulnerability to interference. We predicted
that: (1) MoCA scores will be positively associated with object
recognition performance, (2) the association between MoCA
scores and object recognition performance will be stronger than
that of MoCA scores and scene recognition performance, and (3)
object interference, relative to scene and baseline interference,
will be particularly damaging to individuals at-risk for MCI as
well as patient DA.

METHODS
Participants
Older adults
Eighty older adults were recruited through the Adult Volunteer Pool at the University of Toronto St. George Campus. Participants were screened for a history of psychological illness,
traumatic brain injury, and current use of neuroleptic medications. Participants all had normal or corrected-to-normal
vision. We excluded two participants due to visibly poor concentration for reasons of religious fasting and inadequate sleep.
One participant was excluded for using a verbal strategy that
included spoken descriptions of the studied stimuli. Lastly two
participants were excluded due to improper administration of
the Montreal Cognitive Assessment (MoCA; Nasreddine et al.,
2005). All exclusions were made immediately, before the data
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TABLE 1.
Average Raw Scores for Neuropsycholgical Battery Given to At-Risk Older Adults and Raw Scores from Patient DA
Test
MoCA (/30)
WMS-IV LM immediate recall (/50)a
WMS-IV LM delayed recall (/50)a
WMS-IV LM recognition (/30)a
Rey copy (/36)

a

Rey immediate recall (/36)
Rey delayed recall (/36)

a

a

WASI verbal IQ
WASI performance IQ
WASI full-scale IQ
VOSP shape detection (/20)
VOSP incomplete letters (/20)
VOSP silhouettes (/30)
VOSP object decision (/20)
VOSP dot counting (/10)
VOSP progressive silhouettes (/20)
VOSP position discrimination (/20)
VOSP number location (/10)
VOSP cube analysis (/10)
Trails A
Trails B
Digit span forward (/9)a
Digit span backward (/8)a

At-risk older adults

Patient DA

23.7 (1.2) Impaired
24.0 (7.8)
Range: 9–40 (16%ile)
15.4 (6.2)
Range: 2–25 (17–25%ile)
21.7 (3.2)
Range: 16–27 (>75%ile)
30.8 (3.35)
Range: 23–36 (29–40%ile)
13.4 (4.9)
Range: 5–24 (41–59%ile)
10.3 (4.2)
Range: 4–20 (19–28%ile)
114.0 (13.9)
Range: 87–138 (75%ile)
116.2 (23.5)
Range: 75–170 (79%ile)
113.0 (16.9)
Range: 81–146 (77%ile)
19.3 (0.8)
Range: 7–20 (Pass)
16.9 (4.4)
Range: 9–20 (Pass)
18.7 (1.9)
Range: 14–27 (Pass)
15.9 (4.2)
Range: 11–20 (Pass)
9.8 (0.4)
Range: 9–10 (Pass)
11.2 (3.6)
Range: 6–20 (Pass)
19.71 (0.5)
Range: 19–20 (Pass)
9.0 (1.2)
Range: 6–10 (Pass)
8.2 (1.9)
Range: 4–10 (Pass)
41.4 s (14.5 s)
Range: 18.58 s–88.00 s (26-49%ile)
101.3 s (35.5 s)
Range: 57.25 s–202.00 s (26-49%ile)
6.0 (1.2)
Range: 4–8 (Normal Range)
4.6 (1.2)
Range: 0–8 (Normal Range)

–
7, 1%ile
1, 1%ile
–
0, <1%ile
–
0, <1%ile
–
–
117, 87%ile
–
–
–
–
–
–
–
–
–
–
–
–
–

For each test, the average raw score is given, with standard deviation immediately to the right in parentheses. The range of raw scores is also given, as well as percentile (%ile) scores for the group average relative to established norms, where available. For comparison, we depict test results for DA which overlap with tests
from our at-risk group. DA’s full neuropsychological profile was originally published in Rosenbaum et al. (2008), MoCA 5 Montreal Cognitive Assessment;
WMS-IV LM 5 Wechsler Memory Scale, 4th ed., Logical Memory subtest; Rey 5 Rey–Osterreith Complex Figure Test; WASI 5 Weschler Abbreviated Scale of
Intelligence; VOSP 5 Visual Object and Spatial Perception battery. Missing two at-risk participants from all tests. aMissing one additional participant.

were analyzed. Our final sample included 75 older adults.
Immediately after the experiment, all participants were given
the MoCA as per scripted instructions. The MoCA was always

administered after the experimental task to prevent potential
bias from the experimenter during administration. Our sample
was divided into 42 healthy adults (Mage 5 69.81, SD 5 5.63,
Hippocampus
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TABLE 2.
Z-scores of Medial Temporal lobe Volumes for Patient DA

DA

Left PRC

Left EC

Left PHC

Left HC

Right PRC

Right EC

Right PHC

Right HC

29.75

26.65

24

24.14

27.12

26.02

23.13

25.19

Detailed examination of MTL structures in DA was accomplished using manual tracing on the normalized and coregistered T1-weighted images according to
Insausti et al. (1998) for the hippocampus (HC), entorhinal cortex (EC), and perirhinal cortex (PRC) and according to Callen et al. (2001) for the parahippocampal cortex (PHC). Z scores were calculated using mean volumes corrected for head size for four controls demographically matched to DA (for further details, see
Rosenbaum et al., 2005, 2008; Ryan et al., 2013).

30 females) with an average score of 27.04 on the MoCA
(SD 5 1.23, Range: 26–30) and 33 older adults considered atrisk for MCI (Mage 5 69.33, SD 5 6.33, 19 females), with an
average score of 23.70 on the MoCA (SD 5 1.20, Range: 21–
25). A classification of “at-risk” was based on a MoCA score of
less than 26/30, as this score yields an optimal balance of sensitivity and specificity (Nasreddine et al., 2005; Smith et al.,
2007; Damian et al., 2011). There were no significant differences in age (t(73) 5 0.34, P 5 0.73) or education
(t(73) 5 0.46, P 5 0.65) between the two groups. All participants were provided informed consent and were compensated
for their time. Participants were tested in the Barense laboratory at the University of Toronto. This study was approved by
the University of Toronto Ethics Review Board.

Neuropsychological battery
In a follow-up session we administered a neuropsychological
test battery to participants with MoCA scores of less than 26
in order to better characterize the cognitive status of this group
(Table 1), with the exception of two older adults who were
unable to return for testing. The battery consisted of the Logical
Memory subtest from the Wechsler Memory Scale (4th ed.;
Wechsler, 2009), Trails A and B (Reitan and Wolfson, 1985), the
Digit Span subtest from the Wechsler Adult Intelligence Scale
(4th ed.; Wechsler, 2008), the Rey–Osterrieth Complex Figure
Test (Osterrieth, 1944), the Weschler Abbreviated Scale of Intelligence (WASI; Wechsler, 1999), and the Visual Object and
Space Perception battery (VOSP; Warrington and James, 1991).

Patient DA
DA was 62-yr-old at the time of testing. He is a right handed man with 17 yr of education. He contracted herpes simplex
encephalitis in 1993 and suffered severe MTL lesions as a
result. As outlined in Rosenbaum et al. (2008) and Ryan et al.
(2013), his left hemisphere has less than one third of hippocampus and entorhinal cortex remaining, with near complete
perirhinal cortex and parahippocampal cortex loss. His right
hemisphere is most severely damaged including hippocampal,
perirhinal, entorhinal, and parahippocampal cortex along the
entire extent, as well as anterior temporal lobe. His damage on
the right extends to other areas as well; ventral frontal cortex,
anterior cingulate cortex, anterior and posterior temporal cortex, and occipital cortex. Furthermore, there are additional
Hippocampus

small lesions in right posterior thalamus and left middle temporal gyrus. Table 2 demonstrates severe bilateral MTL volume
loss which extends to the anterior temporal lobe in the right
hemisphere.
DA presents with graded retrograde amnesia, ranging 30
years prior to his diagnosis, as well as severe anterograde amnesia. His general cognitive functioning is intact (Rosenbaum
et al., 2008). DA has retained semantic memory and is able to
learn some new semantic information (Westmacott and Moscovitch, 2002). He has high working memory performance and
is able to visually imagine both objects and scenes and mentally
reconstruct novel combinations of them (Ryan et al., 2013).
His complete cognitive and neuropsychological profile can be
found in Rosenbaum et al. (2008) and Ryan et al. (2013).
DA’s performance was compared against eight controls, who
were matched for age (Mage 5 65.0), education (Meducation 5 16.6
years) and gender. No differences were found between DA and
controls in age (t(7) 5 21.00, P 5 0.18) or education
(t(7) 5 0.12, P 5 0.45) using Crawford’s t tests optimized for single case studies (Crawford and Howell, 1998).

Interference Match-to-Sample Task
Experimental procedure
Participants performed an interference match-to-sample task
adapted from Watson and Lee (2013) that followed similar
procedures (Fig. 1). The task was administered on a laptop
using Presentation version 17.1 (www.neurobs.com). Participants were seated 20 in. from the screen.
Study phase. Every trial contained a study phase, an interference phase, and a test phase. At study, stimuli were comprised
of real-world objects overlaid on virtual scene images. The
study image was presented on screen for 2,800 ms and participants were instructed to remember both the object and scene
across a delay period.
Interference phase. Following the study phase, an instruction
screen informed participants which type of interference would
ensue: object, scene, or number interference (control condition). If the number condition ensued, participants were
informed to watch either the top or bottom number. Instructions stayed onscreen for 1,000 ms, after which the interference
phase began. During interference, participants were shown a
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FIGURE 1.
Task schematic demonstrating all possible combinations of interference type crossed with recognition type. Each
trial was composed of a study, interference, and test phase. During
the study phase, participants viewed an image of an object overlaid on a scene. The interference phase was composed of a series
of five novel objects, scenes, or numbers, during which participants were instructed to detect a repeating item (target images

outlined in red). During the test phase, participants identified the
studied stimulus from a similar foil. The foil differed from the
studied item either by the object (object recognition trials) or by
the scene (scene recognition trials). The foil also differed from the
interfering items. The order of trial types was intermixed and
counterbalanced. Study images were trial unique. [Color figure
can be viewed at wileyonlinelibrary.com]

stream of five images, presented sequentially for 590 ms each
with 250 ms ISI. Participants completed a 1-back task in
which they were instructed to press the spacebar when two successive stimuli were identical. The presentation of the 1-back
target within the interference sequence was pseudo-random
(i.e., third–fifth position, which never repeated more than three
trials in a row) and fully counterbalanced. Responses that
occurred between 200 and 1,230 ms after the repeated stimulus appeared on screen were taken as correct. This meant that
participants could respond during the presentation of the
repeated stimulus, or during the proceeding ISI, or during the
presentation of the next stimulus (or during presentation of the
test items, if the last stimulus in the sequence repeated). If
multiple responses were made, the first response was taken as
the final response, and other responses were disregarded.
Interfering objects were novel objects, chosen to share features
in common with the study object. Interfering scenes were novel
scenes, designed to share features in common with the study
scene. Interfering numbers were composed of randomly varying
digit strings. All images were trial unique. Number interference
was included as a control condition because numbers share few
visual features with objects or scenes. On the basis of pilot experiments to match difficulty across the different interference types,
we included two numbers during number interference, where
one remained constant with each presentation (non-target number). Because the non-target number remained constant, it was
not informative for the 1-back decision. The target number
appeared in both positions (top and bottom) an equal number of
times throughout the experiment. The end of the interference
phase was marked by a fixed ISI of 1,000 ms.

from the target by one visually similar element: either the
object or the scene. This differing element allowed for assessment of either object or scene memory. That is, when the
object differed but the scenes were identical, the recognition
decision was based on the object (and vice versa for scenes).
Foils for the recognition test were not viewed at interference.
Novel images were always used. Using numbers 1 and 2 on the
keyboard, participants indicated whether the left (1) or right
(2) image was the target. The recognition memory target
appeared on either the right of left side of the screen an equal
number of times across the experiment, and was pseudorandomized to never appear in the same position for more
than three consecutive trials. The end of the test phase was
marked by a fixed ITI of 1,500 ms.
The three interference conditions and two recognition types
were combined in a fully factorial design to result in six different trial types: both object and scene recognition could be preceded by object, scene or number interference. There were 36
trials for each condition, resulting in a total of 216 trials. Trials
were ordered such that all trial types preceded or followed each
other an equal number of times (i.e., Latin square design).
Additionally, the occurrence of each of the 216 study images as
followed by object, scene, or number interference was counterbalanced across participants.
Prior to beginning the task, participants were given 12 practice
trials, two for each of the six conditions, to ensure understanding
of the instructions. These were comprised of 36 novel object and
scene stimuli. The order of practice trials was randomized.

Test Phase. At test, two object-and-scene images were presented side-by-side on screen. One image was identical to the
study image (target), whereas the other image (foil) differed

Stimuli
Images of objects were taken from the Hemera Photo
Objects database (Volumes I and II) and virtual reality scenes
were created using a commercially available game (Deus Ex,
Hippocampus
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TABLE 3.
Proportion of Hits for Interference 1-Back Task
Object recognition

Healthy Older Adults
At-Risk Older Adults
DA Controls
DA

Scene recognition

Object
interference

Scene
interference

Number
interference

Object
interference

Scene
interference

Number
interference

0.92 (0.13)
0.83 (0.22)
0.97 (0.03)
0.44

0.89 (0.15)
0.81 (0.23)
0.95 (0.03)
0.31

0.96 (0.11)
0.89 (0.14)
0.98 (0.03)
0.78

0.92 (0.13)
0.83 (0.23)
0.98 (0.04)
0.47

0.88 (0.17)
0.81 (0.23)
0.94 (0.02)
0.5

0.95 (0.10)
0.88 (0.15)
0.98 (0.02)
0.75

Standard deviations are indicated in parentheses.

Ion Storm L.P) and a freeware software editor (Dues Ex Software Development Kit v.1112f ).
A total of 1,188 objects and 1,188 scenes were collected. Of
these, 216 object and scene pairs were used to create study
items and targets at test, and an additional 108 pairs were used
to create foils at test. To create interfering stimuli, 216 sets of
4 unique objects and scenes were required for each of the study
objects and study scenes. That is, each study image had a corresponding set of 4 similar objects and 4 similar scenes. All
object and scene interfering stimuli were designed to contain
similar low-level features (shapes, colors, etc.) as the study
images. Interfering objects were chosen from the same basiclevel category (e.g., watering cans, mantle clocks) and shared
overlapping visual features with the study object. Interfering
scenes contained similar wall textures and geometric features
(e.g., stairs, doors, and windows) as the study scene, which
were reshaped and rearranged to create a different, but visually
similar scene. During number interference, Presentation 17.1
randomly generated two sets of three digits, in black Times
New Roman, 72 point font on a white background. One digit
string was placed on the top left corner of the box and the other was placed on the bottom right.

Task difficulty in young adults
To test whether object and scene recognition were equated
in difficulty, we tested a sample of 15 young adults on our
task. We found that object recognition performance
(M 5 0.84, SD 5 0.10) was significantly higher than scene recognition performance (M 5 0.79, SD 5 0.12; t(14) 5 2.44,
P < 0.05). Critically, because we hypothesized that at-risk older
adults should perform more poorly on object recognition than
scene recognition; this imbalance did not confound the interpretation of our results. That is, because object recognition was
the easier condition, any observed group differences in object
recognition could not be attributed to task difficulty.

Planned Analyses
Older adults
Interference 1-back task. To examine performance on the
interference 1-back task, we calculated accuracy as the average
Hippocampus

proportion correct within each condition. These data were
then subjected to a 2 (group) 3 2 (recognition type) 3 3
(interference type) repeated measures ANOVA with a betweensubject factor of group (at-risk for MCI and healthy controls)
and two within-subjects factors of recognition type (object and
scene) and interference type (object, scene, and number). The
1-back task was included to ensure participants paid attention
to interfering material. Pilot testing was done to ensure performance across all conditions was as matched as possible, thus
we did not predict differences in 1-back accuracy between
conditions.
Recognition task. To examine performance on the recognition task, we used an omnibus logistic linear mixed-effect
regression model (Baayen et al., 2008) implemented using the
glmer function from the lme4 statisics package in R 3.1.2
(Bates, 2007). Accuracy was modeled at the trial level, with
every trial coded as either correct or incorrect. A mixed-effect
model allowed us to treat MoCA score as a continuous variable
in our within-subjects design. This powerful approach allows
for the simultaneous analysis of within-subject and betweensubject variation and accounts for nesting conditions withinparticipants (i.e. repeated measures) and for between-subject
variation as estimated by continuous measures.
We included only trials in which participants correctly
responded to the 1-back decision during the interference phase.
Across all older adults, accuracy during the 1-back task was
88%, resulting in 12% of trials being excluded from analysis
(Table 3).
Our dependent variable was recognition memory accuracy,
coded as 1 for correct and 0 for incorrect on a per trial basis.
Our independent variables were MoCA score, recognition type,
and interference type, all of which were crossed in the model
to test the three-way interaction (see Supporting Information
for formulas and R code). MoCA scores were grand meancentered and both categorical variables were effect coded, with
recognition type coded as “21” for object recognition and “1”
for scene recognition. Interference type had three levels and
thus required two effect codes. For the first effect code, object,
scene, and number interference were coded as “1,” “0,” and
“21” respectively, and for the second, as “0,” “1,” and “21,”
respectively.

EARLY COGNITIVE DECLINE IN OLDER ADULTS
A 2-level mixed model was used to predict recognition
memory accuracy. We estimated a random intercept (i.e., participants were entered as a random effect). We modeled random slopes for recognition type and interference type, because
they were measured at the trial level, while MoCA scores were
measured at the participant level (Aguinis et al., 2013). The
multilevel equations that describe the model are provided in
the supplementary materials. We used an unstructured covariance matrix and the between-within method for estimating
degrees of freedom.
For significant effects in our omnibus model, we used the
method of Aiken and West (1991) to probe the directionality
of these effects (i.e., to probe simple effects). This method
required effect codes to be re-coded as dummy codes, and for
our continuous predictor of MoCA to be recoded using 61
SD such that it reflected “high” scorers and “low” scorers, as is
standard convention (Cohen and Cohen, 1983; West et al.,
1996). We then ran a series of hierarchical logistic regression
models with the newly coded variables. These results informed
the directionality of the omnibus effects.
Patient DA. We calculated recognition memory accuracy as
proportion correct for each condition. Analysis of DA’s 1-back
accuracy demonstrated that he was only able to identify 54% of
the repeated stimuli. Thus, restricting the analysis to trials on
which DA correctly responded during the 1-back task was
deemed inappropriate, as it resulted in a loss of 46% of trials
from the experiment, with most the notable trial loss coming
from the experimental conditions (Table 3). Because of the
diminished power inherent in single case-studies, we opted to
analyze all trials for both DA and his age and education-matched
controls. Importantly, DA was significantly above 25% chancelevel accuracy on the 1-back task (P < 0.001), assuming a binomial distribution of performance, indicating that he did indeed
pay attention to interfering stimuli. Given that the first image in
the sequence never repeated, we also considered that chance level
may have been 33%, which case DA’s performance remains above
chance (P < 0.001). We compared DA’s recognition scores to
matched controls (see Participants).

RESULTS
Older Adults
Neuropsychological battery
The results of the neuropsychological battery indicated that
our at-risk group demonstrated episodic memory impairments
consistent with those of MCI and the early stages of Alzheimer’s
disease (Hodges, 2000; Petersen et al., 1999). Performance was in
the mild deficit to low average range relative to established norms
on immediate and delayed recall of the Logical Memory test and
delayed recall of the Rey Complex Figure Test (Table 1). In comparison, the at-risk group showed intact performance on non-
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FIGURE 2.
Model estimated recognition memory accuracy
plotted as a function of MoCA score. Slopes for object recognition
(light gray) and scene recognition (dark gray) are plotted separately. Squares represent model-estimated means of recognition memory of individuals falling 61 standard deviation from the mean
MoCA score. Both object and scene recognition memory slopes
were significant. However, the interaction between recognition
type and MoCA score indicated that MoCA score shared a stronger association with object recognition than with scene recognition. Error bars denote 61 standard error.

mnemonic tests. Performance on both Rey figure copy and the
VOSP were unimpaired, suggesting intact visual perception as
assessed by these standard measures. The at-risk group was within
the normal range for tests of semantic memory (Verbal IQ as
assessed by the WASI) and executive function relative to established norms. In sum, the at-risk group showed cognitive declines
that were specific to episodic memory, but normal performance
in other cognitive domains.

Interference 1-back task
Data from the interference 1-back task are shown in Table 3.
Our 2 3 2 3 3 repeated measures ANOVA examining proportion correct for the 1-back task revealed a main effect of group
(F(1,73) 5 6.01, P < 0.05), whereby the healthy group outperformed the at-risk group across conditions. Additionally, we
found a main effect of interference (F(2,147) 5 7.05, P 5 0.001)
whereby number interference was associated with the highest performance of the three interference conditions. Number interference 1-back performance was marginally higher than object
interference 1-back performance (t(74) 5 1.94, P 5 0.06) and
significantly higher than scene interference 1-back performance
(t(74) 5 3.12, P < 0.01). Performance on the 1-back task during
object interference was also higher than during scene interference
(t(74) 5 2.71, P < 0.01). That participants performed well above
chance on the 1-back task is important because inaccurate
responses were the basis for trial exclusion from recognition
memory analyses. It is worth noting that despite main effects of
group and interference, even the conditions with the lowest performance (namely at-risk performance on both object and scene
1-back) were well above chance (chance level 5 25%, P < 0.001,
and chance level 5 33%, P < 0.001, both assuming a binomial
Hippocampus
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distribution of performance). Thus, at most, six of 36 trials (associated with 81% accuracy) were excluded from recognition memory analyses.

Recognition task
Recognition memory accuracy was modeled at the trial level
as a binomial distribution. Our predictors were recognition
type, interference type, and MoCA score, with a random

intercept and random slopes for recognition type and interference type. Because our model contained six random effects
(the intercept, recognition type, two interference type effect
codes, and two interaction terms for each interference type
effect code crossed with recognition type) we optimized the
estimation of model parameters when calculating the model’s
log likelihood by setting the “nAGQ” argument of the glmer
function to 0. We report two reductions in prediction errors
for both level 1 and level 2 predictors (i.e., Pseudo-R2, akin to
estimates of explained variance). With respect to individual
outcomes, Pseudo-R 21 5 0.01, which is considered a small
reduction in prediction error. With respect to predicting group
means, Pseudo-R 22 5 0.18, which is considered a medium
reduction in prediction error.
The omnibus model revealed a main effect of MoCA score
(b 5 0.10, SE 5 0.02, t(13854) 5 4.05, P < 0.001), whereby
older adults with higher MoCA scores tended to have higher
recognition memory accuracy generally across conditions (Fig.
2). There was also a main effect of recognition type
(b 5 20.11, SE 5 0.03, t(13854) 5 23.81, P < 0.001), whereby older adults generally exhibited higher recognition memory
accuracy during object recognition than during scene recognition. Lastly there was a main effect of interference, tested using
the log-likelihood ratio test (F(2, 13554) 5 6.35, P < 0.01).
This main effect was driven by significantly lower recognition
memory accuracy across recognition types following object
interference compared to both scene interference (b 5 0.19,
SE 5 0.05, t(13854) 5 3.58, P < 0.001) and number interference (b 5 0.11, SE 5 0.05, t(13854) 5 2.11, P < 0.05), whereas
recognition memory accuracy following scene and number
interference did not significantly differ (b 5 20.08, SE 5 0.06,
t(13854) 5 21.42, P > 0.05; Fig. 3A).
Our primary predictions were that MoCA scores would be
strongly associated with object recognition performance and
that this association would be stronger than that of MoCA
score and scene recognition performance. In line with this prediction, we found a marginal interaction between MoCA score
and
recognition
type
(b 5 20.02,
SE 5 0.01,

FIGURE 3.
(A) Recognition memory accuracy for older adults
at-risk for MCI (MoCA <26) and healthy older adults for each
interference type, collapsed across recognition type. There were no
significant differences in recognition memory accuracy (collapsed
across recognition type) between older adult (OA) groups in any
of interference types. There was a main effect of interference type,
whereby object interference resulted in the lowest overall recognition memory performance. (B) Recognition memory accuracy plotted separately for each condition collapsed across participants.
The recognition type by interference type interaction was driven
by significantly lower accuracy during object recognition following
object interference. Additionally, we found a main effect of recognition type whereby object recognition was significantly higher
than scene recognition. (C) Full breakdown of group (at-risk and
healthy) by recognition type (object and scene) by interference
type (object, scene, and number). The three-way interaction
between MoCA score, recognition type, and interference type was
not significant. *P < 0.05, ***P < 0.001. Error bars denote 61 standard error.
Hippocampus
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t(13854) 5 21.92, P 5 0.05; Fig. 2). Examination of simple
effects revealed a significant slope of MoCA score within object
recognition (b 5 0.13, SE 5 0.02, t(13854) 5 4.40, P < 0.001)
indicating that object recognition accuracy was highly associated with MoCA scores. Notably, there was also a significant
slope of MoCA score with scene recognition (b 5 0.08,
SE 5 0.03, t(13854) 5 2.75, P < 0.01) indicating that scene
recognition accuracy was also associated with MoCA scores.
Thus, we interpret this interaction to reflect that scene recognition is reliably predicted by MoCA score, however, the predictive relationship between object recognition and MoCA score
is stronger, which supports our primary hypotheses.
To further probe the MoCA score by recognition type interaction, we examined differences in accuracy between object and
scene recognition among the highest and lowest performers on
the MoCA, defined by the average scores of individuals falling
61 standard deviation from the mean (Cohen and Cohen,
1983; West et al., 1996). The average accuracy of these high
and low scoring individuals is estimated from the linear model
(Fig. 2). Among individuals who obtained high MoCA scores,
a large difference in recognition memory accuracy emerged
between object and scene recognition (b 5 20.16, SE 5 0.04,
t(13854) 5 23.89, P < 0.001) such that object recognition
accuracy was significantly higher than scene recognition.
Among individuals who obtained low MoCA scores, there was
no difference between object and scene recognition accuracy
(b 5 20.05, SE 5 0.04, t(13854) 5 21.38, P > 0.05). These
results suggest that healthy older adults exhibit better object
recognition compared to scene recognition, a finding in line
with previous research (Spencer and Raz, 1994; Chalfonte and
Johnson, 1996). However, lower MoCA scores appear to be
associated with the loss of the object recognition advantage,
consistent with evidence of perirhinal and lateral entorhinal
cortex dysfunction.
Our third prediction was that interfering object stimuli
would disproportionately impair object recognition memory
among the at-risk group relative to their healthy counterparts.
Interestingly, we did not find a significant interaction between
interference type by MoCA score (F(2, 13554) 5 0.56,
P > 0.05), suggesting that recognition memory across both
stimulus types in the at-risk group was not differentially
impacted by the category of interfering stimuli (Fig. 3A). Additionally, we examined whether an interaction between MoCA
score and interference type emerged within scene recognition
and within object recognition separately, however neither of
these interactions were significant (P’s > 0.05; Fig. 3C). Thus,
we did not find that older adults with low MoCA scores were
differentially impacted by stimulus-specific interference.
Although we did not find that interference type interacted
with MoCA score, we did find a significant interference type
by recognition type interaction, suggesting that interfering
material differentially impacted accuracy for each recognition
type across all participants (F(2, 13554) 5 6.35, P < 0.01; Fig.
3B). Within object recognition, object interference was associated with lower recognition memory accuracy than scene interference (b 5 0.34, SE 5 0.08, t(13854) 5 4.65, p < 0.001) and
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FIGURE 4.
Recognition memory accuracy for patient DA and
matched controls. Patient DA performed significantly worse than
controls on all three object recognition conditions relative to controls. However, his performance was not significantly different
from controls during scene recognition conditions. *P < 0.05.
Error bars denote 61 standard error.

number interference (b 5 0.24, SE 5 0.08, t(13854) 5 3.11,
P < 0.01) whereas scene and number interference did not differentially impact object recognition accuracy (b 5 20.11,
SE 5 0.08, t(13854) 5 21.33, P > 0.05). Within scene recognition, accuracy was not differentially impacted by any of the
three interference types (all P’s > 0.05). These results suggest
that, although accuracy was higher during object recognition on
average, it was also associated with higher vulnerability to object
interference across older adults, such that accuracy dropped to
the level of scene recognition for that condition. In support of
this claim, an analysis of simple effects revealed higher accuracy
in object recognition than scene recognition under scene interference (b 5 20.34, SE 5 0.08, t(13854) 5 24.52, P < 0.001) and
number interference (b 5 20.28, SE 5 0.09, t(13854) 5 23.10,
P < 0.01), but not under object interference (b 5 0.02,
SE 5 0.08, t(13854) 5 0.25, P > 0.05). In sum, these results suggest that object recognition was more susceptible to stimulusspecific interference than scene recognition across our older
adults.

Patient DA
Next, we examined recognition memory accuracy in MTL
patient DA and his eight matched controls using two-tailed
Crawford’s t tests (Crawford & Howell, 1998). All significant
effects survived family-wise Bonferroni correction (adjusted P
values shown). The analyses revealed that DA was significantly
impaired on object recognition following all three interference
conditions: object interference (t(7) 5 23.80, Padj < 0.05),
scene interference (t(7) 5 23.45, Padj < 0.05), and number
interference (t(7) 5 23.32, Padj < 0.05). This indicated that,
like older adults with low MoCA scores, DA had a general deficit in his ability to recognize objects compared to healthy
matched controls (Fig. 4). In contrast, although numerically
Hippocampus
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lower, there were no significant differences in DA’s ability to
recognize scenes after any of the three interference types: object
interference (t(7) 5 21.37, Padj 5 0.63), scene interference
(t(7) 5 20.99, Padj 5 0.99), and number interference
(t(7) 5 20.35, Padj 5 0.99). Thus, contrary to our hypotheses,
DA’s recognition memory for scenes appeared to be somewhat
intact. Additionally, DA’s recognition performance was not differentially impacted by interference type, relative to controls.
This finding is in line with our above result that at-risk older
adults were not differentially impacted by interference type
compared to healthy older adults.

DISCUSSION
The current study provides novel evidence that stimulusspecific recognition deficits are associated with cognitive
decline. In particular, the results suggest that cognitive decline
is associated with object recognition performance to a stronger
degree than with scene recognition performance. This relationship revealed that older adults who obtained low scores on the
MoCA were impaired to a greater extent on object than on
scene recognition, relative to their healthy peers. Consequently,
these older adults appeared to have lost the object (relative to
scene) recognition advantage that is characteristic of healthy
aging (Lipman and Caplan, 1992; Spencer and Raz, 1995;
Newman and Kaszniak, 2000; Bastin and Van der Linden,
2006; Old and Naveh-Benjamin, 2008). These results are consistent with established findings that the perirhinal and lateral
entorhinal cortices are the origin sites of pathology in early
stages of cognitive decline.
In line with our predictions, we found an interaction
between MoCA score and recognition type which indicated
that cognitive decline, as indexed by MoCA score, was more
strongly associated with object recognition than scene recognition performance (Fig. 2). However, it is worth noting that
scene recognition performance was also significantly associated
with MoCA score. This finding is consistent with past research.
Numerous studies suggest that the transition from MCI to Alzheimer’s disease is accompanied by a spread in pathology from
origin sites perirhinal and lateral entorhinal cortices to other
MTL regions that are known to process scenes and spatial relationships, such as the hippocampus (Braak and Braak, 1991;
Raz et al., 2004), parahippocampal (Hyman et al., 1984), and
medial entorhinal cortex (Mitchell et al., 2002). As such, it is
likely that the lateral entorhinal and perirhinal cortices are not
the only regions affected in the early stages of cognitive decline.
In support of this, many studies have found deficits in spatial
processing tasks among individuals with amnestic MCI, as well
as various memory impaired older adult groups (Cheng and
Pai, 2010; Lithfous et al., 2013; Reagh et al., 2014), findings
which are consistent with the results presented here. In addition, some studies have found that the ability to discriminate
object targets from highly similar foils is impaired even in
Hippocampus

healthy aging (Burke et al., 2011; Ryan et al., 2012; Reagh
et al., 2016;). In one such study, Reagh et al. (2016) directly
compared object and spatial discrimination in older adults. In
contrast to the current study, healthy aging was associated with
poorer object than spatial discrimination. These dissimilarities
may be due to qualitatively different spatial tasks, namely, recognition of object location as compared to recognition of scene
images used here, or alternatively, to the different demands of
two-alternative forced choice recognition as compared to oldnew discrimination when lures are highly similar. Thus,
although cognitive decline associated with both healthy and
pathological aging can adversely impact the MTL broadly, the
interaction presented here between stimulus-recognition
domain and a sensitive measure of MCI-related cognitive
decline (i.e., the MoCA) suggests that object recognition is
most severely impacted in MCI-related decline. This is consistent with evidence that perirhinal and lateral entorhinal cortices
are among the most vulnerable structures to AD-related pathological aging.
Previous studies found strong evidence that older adults atrisk for MCI were more susceptible to interference from visually similar objects than their healthy counterparts (Newsome
et al., 2012; Yeung et al., 2013). Additionally, others demonstrated that perirhinal cortex lesions resulted in increased susceptibility to interference (Bartko et al., 2010; McTighe et al.,
2010; Barense et al., 2012). We did not, however, find that
exposure to interfering objects differentially impaired object
recognition performance in the at-risk group or patient DA relative to healthy controls, as was predicted (Figs. 3A and 4).
Viewed in this context, the present results suggest constraints
on when and how interference will adversely impact object recognition in individuals with perirhinal cortex dysfunction. For
example, it has been suggested that patients with MCI are
more susceptible to proactive rather than retroactive interference (Ebert and Anderson, 2009), and previous studies reporting that at-risk individuals were vulnerable to interference had
used proactive interference designs (Newsome et al., 2012;
Yeung et al., 2013). In these studies, representations of visually
similar features built up across the experimental session. Consequently, more interfering material was presented and more
time was allowed for representations of interfering features to
accumulate. This combination of circumstances allowed by
proactive designs may be more detrimental to individuals with
perirhinal cortex dysfunction, as this region is thought to support complex, conjunctive representations of objects that are
essential for tasks that cannot be solved on the basis of object
single features (Cowell et al., 2010; Graham et al., 2010).
Consistent with past research in younger adults (Watson and
Lee, 2013; O’Neil et al., 2015), we found that across all participants, object interference had a detrimental impact on object
recognition relative to scene recognition (Fig. 3B). Interestingly,
and in contrast to these studies, the same finding was not
observed for scenes. That is, we did not find that scene interference disproportionately impacted scene recognition. Indeed,
a main effect of recognition type, whereby object recognition
was generally higher than scene recognition across our
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participants, is supported by evidence that poorer scene memory relative to single item memory generally occurs with aging
(Lipman and Caplan, 1992; Spencer & Raz, 1995; Newman
& Kaszniak, 2000; Bastin and Van der Linden, 2006; Old and
Naveh-Benjamin, 2008). Stimulus-specific interference did not,
however, exacerbate this effect. One possible interpretation of
this result is that an inability to coherently represent scene
images renders this stimulus category susceptible to any manner of interference in older adults, such as task-related interference (i.e., the 1-back task). The idea that exertion of mental
effort during a retention interval is able to disrupt consolidation has been an important interpretation of classic studies of
retroactive interference (Jenkins and Dallenbach, 1924; Skaggs,
1925). Additionally, the interference mechanisms associated
with non-specific effects of mental effort are thought to differ
from those associated with similarity of interfering material
(Wixted, 2004). Thus it is conceivable that the interference 1back task produced cognitive strain that masked additional
effects of interference due to stimulus similarity, due to impoverished scene representations of older adults. An alternative
account is that, in older adults, scene representations are not
vulnerable to any manner of interference. We posit that scene
representations are supported, in part, by the hippocampus
(Lee et al., 2005a,2005b, 2008; Zeidman et al., 2014). Hippocampally dependent memories are thought to be more vulnerable to forgetting through decay than through interference
(Sadeh et al., 2014, 2016). Thus, it is possible that in older
adults, decay is the primary manner of forgetting for scene
stimuli.
With regard to our interference 1-back task, there is considerable evidence that attentional processes may be deficient in
individuals in the early stages of MCI (Hutchison et al., 2010;
Gordon et al., 2015). Indeed, our finding that the at-risk
group demonstrated poorer performance on the 1-back task
relative to healthy controls is consistent with past work showing that individuals with mild AD have difficulty selecting relevant information and filtering out irrelevant information
(Balota and Faust, 1991). These reports have emphasized the
stimulus-general nature of attentional deficits, and various studies have shown that attentional selection is impaired along the
MCI-AD continuum across a number of stimulus types (e.g.,
Levino et al., 2005; Tse et al. 2010; Monti et al., 2014). We
do not believe, however, that attentional deficits in the at-risk
group were confounds in our task for two reasons. First, both
object and scene recognition were always preceded by a 1-back
task, and thus, general attentional deficits could not have contributed to poorer object recognition alone. Second, the scene
interference 1-back task appeared to be the most difficult of
the three interference conditions (i.e., 1-back accuracy was lowest in this condition). We did not, however, find differences
between high and low MoCA scorers in either of the scene
interference conditions. Thus, the fact that scene interference
did not produce the lowest object recognition performance suggests that it is stimulus-specific dysfunction, and not attentional
deficits, that contributed to our primary results.
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In line with our hypotheses, patient DA showed impaired
object recognition relative to matched-controls. However, contrary to our predictions given his extensive hippocampal damage, DA’s scene recognition performance was not impaired
relative to matched controls (Fig. 4), a finding that seems to
present a challenge to the representational account of MTL
function. Previous reports on patient DA have suggested that
he is able to use unique strategies to compensate for deficits
classically thought to be present with hippocampal damage.
For example, DA is able to spontaneously fuse together elements of stimuli in a way that benefits task performance, a
unitization strategy that was not available to others with comparable hippocampal damage (Ryan et al. 2013). The nature of
the scene recognition test employed by the current study was
such that scene targets and foils shared low-level features and
were unique only with respect to their conjunction of features
(i.e., the locations of walls, stairs, columns, etc. relative to each
other). In this way, scene recognition required recognizing associations between features. When considered with previous
reports of DA’s spontaneous ability to unitize disparate
stimulus-elements (Ryan et al., 2013), and with the suggestion
that a portion of DA’s remaining left hippocampal tissue may
be functional (Rosenbaum et al., 2008), it is plausible that DA
was able to use an association-based strategy that disproportionately benefited scene recognition, but was not applicable to
object recognition because objects contain fewer distinct elements. Nonetheless, DA’s near-complete ablation of most MTL
structures and impaired object recognition performance are
consistent with evidence that object recognition deficits are
MTL-dependent.
This task was adapted from previous studies (Watson and
Lee, 2013; O’Neil et al., 2015b) and with these adaptations,
we found that object and scene recognition were no longer
equated in difficulty, and that object recognition resulted in
higher performance than scene recognition in a group of young
adults. That is, we found that condition most closely associated
with cognitive status was actually easier. This pattern of results
is inconsistent with a task difficulty explanation (i.e., those in
the early stages of cognitive decline are most affected by difficult tasks). We show that, in spite of object recognition being
easier than scene recognition, MoCA score was more predictive
of object recognition accuracy.
These findings take advantage of an emerging body of evidence suggesting that the role of the MTL is not limited to
long-term memory (Hannula et al., 2006; Hartley et al., 2007;
Olsen et al., 2012). That the MTL is engaged in remembering
an image across a short delay interval has been shown, specifically under conditions of visual interference, even with no
mnemonic demands (Barense et al., 2012; Watson and Lee,
2013; O’Neil et al., 2015). We suggest that interference obviates the ability to use simple visual features to solve the task,
regardless of the time delay. That is, under interference, the
complex stimulus representations supported by MTL subregions are necessary to solve the task, and thus, the MTL supports performance under conditions of interference, regardless
of the length of the delay.
Hippocampus
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The present results provide novel evidence that although
cognitive decline can predict both object and scene memory
performance, it shares a stronger relationship with object memory performance. Moreover, our data demonstrate that cognitive decline is associated with the loss of the object recognition
advantage that is characteristic of healthy aging. This is consistent with evidence that individuals in a preclinical phase of
MCI may have dysfunction in object-processing brain regions,
such as perirhinal and lateral entorhinal cortices (Braak and
Braak, 1991; Kordower et al., 2001; Khan et al., 2014). We
show similar object recognition impairments in patient DA
with known MTL damage. More generally, the results underscore the importance of using stimulus-specific memory effects
to probe MTL integrity and its decline with pathology. Taking
advantage of these neural properties will further our understanding of how the MTL supports memories of our visual
world.

Acknowledgments
The authors thank all their participants for their time,
patient DA and his family for their continued cooperation and
Sara Pishdadian for her help with data collection. This work
was supported by a Natural Sciences and Engineering Research
Council of Canada Discovery Grant to M.D.B. and A.C.H.L.,
as well as a Accelerator Supplement and Scholar Award from
the James S. McDonnell Foundation to M.D.B.

REFERENCES
Aguinis H, Gottfredson RK, Culpepper SA. 2013. Best-practice recommendations for estimating cross-level interaction effects using
multilevel modeling. J Manage 39:1490–1528. Available at: http://
doi.org/10.1177/0149206313478188
Aiken LS, West SG. 1991. Multiple Regression: Testing and Interpreting Interactions. Newbury Park, CA: Sage.
American Psychological Association. 2009. Publication manual of the
American Psychological Association, 6th ed. Washington, DC:
American Psychological Association.
Antonova E, Parslow D, Brammer M, Dawson GR, Jackson SHD,
Morris RG. 2009. Age-related neural activity during allocentric
spatial memory. Memory 17:125–143. http://doi.org/10.1080/
09658210802077348
Baayen RH, Davidson DJ, Bates DM. 2008. Mixed-effects modeling
with crossed random effects for subjects and items. J Mem Lang
59:390–412. http://doi.org/10.1016/j.jml.2007.12.005
Bakker A, Kirwan CB, Miller M, Stark CEL. 2008. Pattern separation
in the human hippocampal CA3 and dentate gyrus. Science 319:
1640–1642. http://doi.org/10.1126/science.1152882
Balota DA, Faust ME. 1991. Attention in dementia of the Alzheimer’s
type. In: Boller F, Cappa S, editors. The Handbook of Neuropsychology, 2nd ed. Aging and Dementia. New York: Elsevier Science;
Vol. 2001. pp 51–80.
Barbeau E, Didic M, Tramoni E, Felician O, Joubert S, Sontheimer
A, . . . Poncet M. 2004. Evaluation of visual recognition memory
in MCI patients. Neurology 62:1317–1322. http://doi.org/10.
1212/01.WNL.0000120548.24298.DB
Hippocampus

Barense MD, Bussey TJ, Lee ACH, Rogers TT, Davies RR, Saksida
LM, . . . Graham KS. 2005. Functional specialization in the human
medial temporal lobe. J Neurosci 25:10239–10246. http://doi.org/
10.1523/JNEUROSCI.2704-05.2005
Barense MD, Gaffan D, Graham KS. 2007. The human medial temporal lobe processes online representations of complex objects.
Neuropsychologia 45:2963–2974. http://doi.org/10.1016/j.neuropsychologia.2007.05.023
Barense MD, Groen IIA, Lee ACH, Yeung LK, Brady SM, Gregori
M, . . . Henson RNA. 2012. Intact memory for irrelevant information impairs perception in amnesia. Neuron 75:157–167. http://
doi.org/10.1016/j.neuron.2012.05.014
Bartko SJ, Cowell RA, Winters BD, Bussey TJ, Saksida LM. 2010.
Heightened susceptibility to interference in an animal model of
amnesia: Impairment in encoding, storage, retrieval—Or all three?
Neuropsychologia 48:2987–2997. http://doi.org/10.1016/j.neuropsychologia.2010.06.007
Bastin C, Van der Linden M. 2006. The effects of aging on the recognition of different types of associations. Exp Aging Res 32:61–77.
http://doi.org/10.1080/03610730500326291
Bates D. 2007. Linear mixed model implementation in lme4. Manuscript, University, 15.
Braak H, Braak E. 1991. Neuropathological stageing of Alzheimerrelated changes. Acta Neuropathol 82:239–259. http://doi.org/10.
1007/BF00308809
Brown MW, Aggleton JP. 2001. Recognition memory: What are the
roles of the perirhinal cortex and hippocampus? Nat Rev Neurosci
2:51–61.
Buckley MJ, Gaffan D. 1998. Perirhinal cortex ablation impairs visual
object identification. J Neurosci 18:2268–2275. Retrieved from
http://www.jneurosci.org/content/18/6/2268.long
Burke SN, Wallace JL, Hartzell AL, Nematollahi S, Plange K, Barnes
CA. 2011. Age-associated deficits in pattern separation functions
of the perirhinal cortex: A cross-species consensus. Behav Neurosci
125:836–847. http://doi.org/10.1037/a0026238
Burke SN, Maurer AP, Hartzell AL, Nematollahi S, Uprety A, Wallace
JL, Barnes CA. 2012. Representation of three-dimensional objects
by the rat perirhinal cortex. Hippocampus 22:2032–2044. http://
doi.org/10.1002/hipo.22060
Cheng PJ, Pai MC. 2010. Dissociation between recognition of familiar scenes and of faces in patients with very mild Alzheimer disease:
An event-related potential study. Clin Neurophysiol 121:1519–
1525. http://doi.org/10.1016/j.clinph.2010.03.033
Cohen J, Cohen P. 1983. Applied Multiple Regression/Correlation
Analyses for the Behavioral Sciences, 2nd ed. Hillsdale, NJ:
Erlbaum.
Cohen NJ, Eichenbaum H. 1993. Memory, Amnesia, and the Hippocampal System. Cambridge, MA: MIT Press.
Cowan N, Beschin N, Perini M, Della Sala S. 2003. Just lying there,
remembering: Improving recall of prose in amnesic patients with
mild cognitive impairment by minimising interference. Memory
13:435–440. http://doi.org/10.1080/09658210344000387
Cowell RA, Bussey TJ, Saksida LM. 2010. Components of recognition memory: Dissociable cognitive processes or just differences in
representational complexity? Hippocampus 20:1245–1262. http://
doi.org/10.1002/hipo.20865
Crawford JR, Howell DC. 1998. Comparing an individual’s test score
against norms derived from small samples. Clin Neuropsychol 12:
482–486. http://doi.org/10.1076/clin.12.4.482.7241
Damian AM, Jacobson SA, Hentz JG, Belden CM, Shill HA,
Sabbagh MN, . . . Adler CH. 2011. The Montreal cognitive assessment and the Mini-Mental State Examination as screening instruments for cognitive impairment: Item analyses and threshold
scores. Demen Geriatr Cogn Disord 31:126–131. http://doi.org/
10.1159/000323867

EARLY COGNITIVE DECLINE IN OLDER ADULTS
Deshmukh SS, Knierim JJ. 2011. Representation of non-spatial and
spatial information in the lateral entorhinal cortex. Front Behav
Neurosci 5:1–33. http://doi.org/10.3389/fnbeh.2011.00069
Dewar MT, Pesallaccia M, Cowan N, Provinciali L, Della Sala S.
2012. Insights into spared memory capacity in amnestic MCI and
Alzheimer’s Disease via minimal interference. Brain Cogn 78:189–
199. http://doi.org/10.1016/j.bandc.2011.12.005
Ebert PL, Anderson ND. 2009. Proactive and retroactive interference
in young adults, healthy older adults, and older adults with amnestic mild cognitive impairment. J Int Neuropsychol Soc 15:83–93.
http://doi.org/10.1017/S1355617708090115
Eichenbaum H, Lipton PA. 2008. Towards a functional organization
of the medial temporal lobe memory system: Role of the parahippocampal and medial entorhinal areas. Hippocampus 18:1314–
1324. http://doi.org/10.1002/hipo.20500.Towards
Epstein R, Kanwisher N. 1998. A cortical representation of the local
visual environment. Nature 392:598–601. http://doi.org/10.1038/
33402
Gordon BA, Zacks JM, Blazey T, Benzinger TLS, Morris JC, Fagan
AM, . . . Balota DA. 2015. Task-evoked fMRI changes in attention
networks are associated with preclinical Alzheimer’s disease biomarkers. Neurobiol Aging 36:1771–1779. http://doi.org/10.1016/j.
neurobiolaging.2015.01.019
Graham KS, Barense MD, Lee ACH. 2010. Going beyond LTM in
the MTL: A synthesis of neuropsychological and neuroimaging
findings on the role of the medial temporal lobe in memory and
perception. Neuropsychologia 48:831–853. http://doi.org/10.1016/
j.neuropsychologia.2010.01.001
Hannula DE, Tranel D, Cohen NJ. 2006. The long and short of it:
Relational memory impairments in amnesia, even at short lags.
J Neurosci 26:8352–8359. http://doi.org/10.1523/JNEUROSCI.
5222-05.2006
Hartley T, Bird CM, Chan D, Cipolotti L, Husain M, Burgess N.
2007. The hippocampus is required for short-term topographical
memory in humans. Hippocampus 17:34–48. http://doi.org/10.
1002/hipo.20240.The
Heo S, Prakash RS, Voss MW, Erickson KI, Ouyang C, Sutton BP,
Kramer AF. 2009. Resting hippocampal blood flow, spatial memory and aging. Brain Res 1315:119–127. http://doi.org/10.1016/j.
brainres.2009.12.020
Hodges JR. 2000. Memory in the dementias. In: Tulving E, Craik
FIM, editors. The Oxford Handbook of Memory. Oxford,
England: Oxford University Press. pp 441–459.
Hutchison KA, Balota DA, Duchek JM. 2010. The utility of stroop
task switching as a marker for early stage Alzheimer’s disease. Psychol Aging 25:545–559. http://doi.org/10.1037/a0018498.The
Hyman BT, Van Hoesen GW, Damasio AR, Barnes, Clifford L. 1984.
Alzheimer’s disease: Cell-specific pathology isolates the hippocampal formation. Science 225:11686–1170. http://doi.org/10.1126/
science.6474172
Jenkins JG, Dallenbach KM. 1924. Obliviscence during sleep and
waking. Am J Psychol 35:605–612.
Khan UA, Liu L, Provenzano FA, Berman DE, Profaci CP, Sloan R,
. . . Small SA. 2014. Molecular drivers and cortical spread of lateral
entorhinal cortex dysfunction in preclinical Alzheimer’s disease.
Nat Neurosci 17:304–311. http://doi.org/10.1038/nn.3606
Kordower JH, Chu Y, Stebbins GT, DeKosky ST, Cochran EJ,
Bennett D, Mufson EJ. 2001. Loss and atrophy of layer II entorhinal cortex neurons in elderly people with mild cognitive impairment. Ann Neurologyurol 49:202–213. http://doi.org/10.1002/
1531-8249(20010201)49:2 < 202::AID-ANA40 > 3.3.CO;2-V
Lee ACH, Buckley MJ, Pegman SJ, Spiers H, Scahill VL, Gaffan D,
. . . Graham KS. 2005a. Specialization in the medial temporal lobe
for processing of objects and scenes. Hippocampus 15:782–797.
http://doi.org/10.1002/hipo.20101
Lee ACH, Bussey TJ, Murray EA, Saksida LM, Epstein RA, Kapur
N, . . . Graham KS. 2005b. Perceptual deficits in amnesia:

13

Challenging the medial temporal lobe “mnemonic” view. Neuropsychologia 43:1–11. http://doi.org/10.1016/j.neuropsychologia.
2004.07.017
Lee ACH, Bandelow S, Schwarzbauer C, Henson RNA, Graham KS.
2006. Perirhinal cortex activity during visual object discrimination:
An event-related fMRI study. NeuroImage 33:362–373. http://doi.
org/10.1016/j.neuroimage.2006.06.021
Lee ACH, Scahill VL, Graham KS. 2008. Activating the medial temporal lobe during oddity judgment for faces and scenes. Cereb
Cortex 18:683–696. http://doi.org/10.1093/cercor/bhm104
Levino EJ, Saumier D, Chertkow H. 2005. Focused attention deficits
in patients with Alzheimer’s disease and mild cognitive impairment. Brain Cogn 57:127–130. http://doi.org/10.1016/j.bandc.
2004.08.058
Liang JC, Wagner AD, Preston AR. 2013. Content representation in
the human medial temporal lobe. Cereb Cortex 23:80–96. http://
doi.org/10.1093/cercor/bhr379
Lipman PD, Caplan LJ. 1992. Adult age differences in memory for
routes: Effects of instruction and spatial diagram. Psychol Aging 7:
435–442. Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/
1388865
Lithfous S, Dufour A, Despres O. 2013. Spatial navigation in normal
aging and the prodromal stage of Alzheimer’s disease: Insights
from imaging and behavioral studies. Ageing Res Rev 12:201–213.
http://doi.org/10.1016/j.arr.2012.04.007
Litman L, Awipi T, Davachi L. 2009. Category-specificity in the
human medial temporal lobe cortex. Hippocampus 19:308–319.
http://doi.org/10.1002/hipo.20515
McTighe SM, Cowell RA, Winters BD, Bussey TJ, Saksida LM.
2010. Paradoxical false memory for objects after brain damage. Science 330:1408–1410. http://doi.org/10.1126/science.1194780
Mitchell TW, Mufson EJ, Schneider JA, Cochran EJ, Nissanov J, Han
LY, . . . Arnold SE. 2002. Parahippocampal tau pathology in
healthy aging, mild cognitive impairment, and early Alzheimer’s
disease. Ann Neurol 51:182–189. http://doi.org/10.1002/ana.
10086
Monti B, Berteotti C, Contestabile A. 2005. Dysregulation of
memory-related proteins in the hippocampus of aged rats and their
relation with cognitive impairment. Hippocampus 15:1041–1049.
http://doi.org/10.1002/hipo.20099
Monti JM, Balota DA, Warren DE, Cohen NJ. 2014. Very mild Alzheimer’s disease is characterized by increased sensitivity to mnemonic interference. Neuropsychologia 59:47–56. http://doi.org/10.
1016/j.neuropsychologia.2014.04.007
Murray EA, Richmond BJ. 2001. Role of perirhinal cortex in object
perception, memory, and associations. Curr Opin Neurobiol 11:
188–193. http://doi.org/10.1016/S0959-4388(00)00195-1
Nasreddine ZS, Phillips NA, Bedirian V, Charbonneau S, Whitehead
V, Collin I, . . . Chertkow H. 2005. The Montreal cognitive assessment, MoCA: A brief screening tool for mild cognitive impairment. J Am Geriatr Soc 53:695–699. http://doi.org/10.1111/j.
1532-5415.2005.53221.x
Newman MC, Kaszniak AW. 2000. Spatial memory and aging:
Performance on a human analog of the Morris water maze. Aging
Neuropsychol Cogn 7:86–93. http://doi.org/10.1076/13825585(200006)7
Newsome RN, Duarte A, Barense MD. 2012. Reducing perceptual
interference improves visual discrimination in mild cognitive
impairment: Implications for a model of perirhinal cortex function.
Hippocampus 22:1990–1999. http://doi.org/10.1002/hipo.22071
Norman KA, O’Reilly RC. 2003. Modeling hippocampal and neocortical contributions to recognition memory: A complementarylearning-systems approach. Psychol Rev 110:611–646. http://doi.
org/10.1037/0033-295X.110.4.611
O’Neil EB, Watson HC, Dhillon S, Lobaugh NJ, Lee ACH. 2015.
Multivariate fMRI and eye tracking reveal differential effects of
visual interference on recognition memory judgments for objects
Hippocampus

14

FIDALGO ET AL.

and scenes. J Cogn Neurosci 27:1708–1722. http://doi.org/10.
1162/jocn
Old SR, Naveh-Benjamin M. 2008. Differential effects of age on item
and associative measures of memory: A meta-analysis. Psychol
Aging 23:104–118. http://doi.org/10.1037/0882-7974.23.1.104
Olsen RK, Moses SN, Riggs L, Ryan JD. 2012. The hippocampus
supports multiple cognitive processes through relational binding
and comparison. Front Hum Neurosci 6:1–13. http://doi.org/10.
3389/fnhum.2012.00146
Osterrieth PA. 1944. Le test de copie d’une figure complexe: Contribution a l’etude de la perception et de la memoire. [Test of copying a complex figure: A contribution to the study of perception
and memory.]. Arch Psychol 30:206–356.
Petersen RC. 2004. Mild cognitive impairment as a diagnostic entity.
J Inter Med 256:183–194.
Petersen RC, Smith GE, Waring SC, Ivnik RJ, Tangalos EG, Kokmen
E. 1999. Mild cognitive impairment: Clinical characterization and
outcome. Arch Neurol 56:303–308.
Ranganath C, Ritchey M. 2012. Two cortical systems for memoryguided behaviour. Nat Neurosci 13:713–726. http://doi.org/10.
1038/nrn3338
Raz N, Rodrigue KM, Head D, Kennedy KM, Acker JD. 2004. Differential aging of the medial temporal lobe: A study of a five-year
change. Neurology 62:433–438. http://doi.org/10.1212/01.WNL.
0000106466.09835.46
Reagh ZM, Yassa MA. 2014. Object and spatial mnemonic interference differentially engage lateral and medial entorhinal cortex in
humans. Proceedings of the National Academy of Sciences 111:
E4264–E4273. http://doi.org/10.1073/pnas.1411250111
Reagh ZM, Roberts JM, Ly M, DiProspero N, Murray E, Yassa MA.
2014. Spatial discrimination deficits as a function of mnemonic
interference in aged adults with and without memory impairment.
Hippocampus 24:303–314. http://doi.org/10.1002/hipo.22224
Reagh ZM, Ho HD, Leal SL, Noche JA, Chun A, Murray EA, Yassa
MA. 2016. Greater loss of object than spatial mnemonic discrimination in aged adults. Hippocampus 26:417–422. http://doi.org/
10.1002/hipo.22562
Reitan RM, Wolfson D. 1985. The Halstead–Reitan Neuropsychological Test Battery: Theory and Clinical Interpretation. Tucson, AZ:
Neuropsychological Press.
Rosenbaum RS, Moscovitch M, Foster JK, Schnyer DM, Gao F,
Kovacevic N, . . . Levine B. 2008. Patterns of autobiographical
memory loss in medial-temporal lobe amnesic patients. J Cogn
Neurosci 20:1490–1506. http://doi.org/10.1162/jocn.2008.20105
Ryan L, Cardoza JA, Barense MD, Kawa KH, Wallentin-Flores J,
Arnold WT, Alexander GE. 2012. Age-related impairment in a
complex object discrimination task that engages perirhinal cortex.
Hippocampus 22:1978–1989. http://doi.org/10.1002/hipo.22069
Ryan JD, Moses SN, Barense MD, Rosenbaum RS. 2013. Intact
learning of new relations in amnesia as achieved through unitization. J Neurosci 33:9601–9613. http://doi.org/10.1523/JNEUROSCI.0169-13.2013
Sadeh T, Ozubko JD, Winocur G, Moscovitch M. 2014. How we forget may depend on how we remember. Trends Cogn Sci 18:26–
36. http://doi.org/10.1016/j.tics.2013.10.008
Sadeh T, Ozubko JD, Winocur G, Moscovitch M. 2016. Forgetting
patterns differentiate between two forms of memory representation.
Psychol Sci 27:1–11. http://doi.org/10.1177/0956797616638307
Schiavetto A, K€ohler S, Grady CL, Winocur G, Moscovitch M. 2002.
Neural correlates of memory for object identity and object location: Effects of aging. Neuropsychologia 40:1428–1442. http://doi.
org/10.1016/S0028-3932(01)00206-8

Hippocampus

Skaggs EB. 1925. Further studies in retroactive inhibition. Psychol Monogr
34:1–60.
Smith T, Gildeh N, Holmes C. 2007. The Montreal cognitive assessment: Validity and utility in a memory clinic setting. Can J Psychiatry 52:329–332.
Soojin P, Chun MM. 2009. Different roles of the parahippocampal
place area (PPA) and retrosplenial cortex (RSC) in panoramic
scene perception. NeuroImage 47:1747–1756. http://doi.org/10.
1016/j.neuroimage.2009.04.058.
Spencer WD, Raz N. 1995. Differential effects of aging on memory
for content and context: A meta-analysis. Psychol Aging 10:527–
539. http://doi.org/10.1037/0882-7974.10.4.527
Stark SM, Yassa MA, Lacy JW, Stark CEL. 2013. A task to assess
behavioral pattern separation (BPS) in humans: Data from healthy
aging and mild cognitive impairment. Neuropsychologia 51:2442–
2449. http://doi.org/10.1016/j.micinf.2011.07.011.Innate
Tse C, Balota DA, Yap MJ, Duchek JM, Mccabe DP. 2010. Effects of
healthy aging and early-stage dementia of the Alzheimer’s type on
components of response time distributions in three attention tasks.
Neuropsychology 24:300–315. http://doi.org/10.1037/a0018274.
Effects
Warrington EK, James M. 1991. Visual Object and Space Perception
Battery (VOSP). Oxford, England: Harcourt Assessment.
Watson HC, Lee ACH. 2013. The perirhinal cortex and recognition
memory interference. J Neurosci 33:4192–4200. http://doi.org/10.
1523/JNEUROSCI.2075-12.2013
Wechsler D. 1999. Wechsler Abbreviated Scale of Intelligence (WASI).
San Antonio, TX: The Psychological Corporation.
Wechsler D. 2008. Wechsler Adult Intelligence Scale, 4th ed. San
Antonio, TX: Pearson.
Wechsler, D. 2009. Wechsler Memory Scale, 4th ed. San Antonio,
TX: Pearson.
West SG, Aiken LS, Krull JL. 1996. Experimental personality designs:
Analyzing categorical by continuous variable interactions. J Pers
64:1–48. http://doi.org/10.1111/j.1467-6494.1996.tb00813.x
Westmacott R, Moscovitch M. 2002. Temporally graded semantic
memory loss in amnesia and semantic dementia: Further evidence
for opposite gradients. Cogn Neuropsychol 19:135–163. http://
doi.org/10.1080/02643290143000123
Wimmer M, Hernandez P, Blackwell J, Abel T. 2012. Aging impairs
hippocampus-dependent long-term memory for object location in
mice. Neurobiol Aging 33:2220–2224. http://doi.org/10.1016/j.
neurobiolaging.2011.07.007.
Winblad B, Palmer K, Kivipelto M, Jelic V, Fratiglioni L, Wahlund
LO, . . . Petersen RC. 2004. Mild cognitive impairment—Beyond
controversies, towards a consensus: Report of the International
Working Group on Mild Cognitive Impairment. J Inter Med 256:
240–246.
Wixted JT. 2004. The psychology and neuroscience of forgetting.
Annu Rev Psychol 55:235–269. http://doi.org/10.1146/annurev.
psych.55.090902.141555
Yeung LK, Ryan JD, Cowell RA, Barense MD. 2013. Recognition
memory impairments caused by false recognition of novel objects.
J Exp Psychol Gen 142:1384–1397. http://doi.org/10.1037/
a0034021
Yonelinas AP. 2002. The nature of recollection and familiarity: A
review of 30 years of research. J Mem Lang 517:441–517. http://
doi.org/10.1006/jmla.2002.2864
Zeidman P, Mullally SL, Maguire EA. 2014. Constructing, perceiving,
and maintaining scenes: Hippocampal activity and connectivity.
Cereb Cortex 25:1–20. http://doi.org/10.1093/cercor/bhu266

