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The representational–hierarchical account of object processing characterizes the perirhinal cortex (PRC) as supporting conjunctive
representations of object features, such that damage or age-related decline in the PRC impairs discrimination between complex
object with overlapping features. In older adults, gray matter volume of the anterolateral entorhinal cortex (alERC), a PRC-adjacent
region, correlated with object discrimination based on configural (spatial) arrangements of features. However, this relationship has
not yet been examined with functional activation or systematically investigated in aging. Importantly, object novelty discrimination
can rely on changes at the feature-level (where all features are novel) or configural-level (where familiar features are rearranged in
novel configurations), and the PRC/alERC may differentially support these processes—differences that may become more pro-
nounced with age-related neurodegeneration. However, distinguishing functional roles of the PRC/alERC is complicated by inter-
individual variability in their anatomical boundaries that may be exacerbated by aging. In the present fMRI study, we manually
delineated the PRC/alERC in a group of 43 younger (32 females) and 47 older adults (33 females) performing a configural object
processing task with concurrent eye-tracking. In younger adults, gaze behavior and PRC activity distinguished both feature and con-
figural novelty, whereas alERC activity was sensitive to configural novelty. In contrast, age-related decline was most evident in the
PRC’s activation to configural novelty, and older adults showed no novelty-related differentiation in gaze behavior or alERC func-
tion. These findings suggest the critical role of the alERC in object processing and reveal age-related changes in the PRC/alERC dur-
ing novelty discrimination of complex objects.
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Significance Statement

Recognizing whether an object is truly new—or just familiar parts in a new arrangement—relies on two brain regions: the
perirhinal cortex (PRC) and anterolateral entorhinal cortex (alERC). Yet how these regions functionally interact and how
aging affects them remain unclear. Using brain imaging and eye-tracking, we show that both regions help detect object novelty
in younger adults, with each sensitive to different kinds of novelty. In older adults, these responses were reduced, and eye
movements no longer reflected memory for previously seen objects. These findings reveal how the PRC and alERC work
together to support object recognition and how aging disrupts this system—particularly when distinguishing objects based
on how their parts are arranged.
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Introduction
The ability to distinguish between objects is supported by the
ventral visual stream (VVS), a brain pathway critical for visual
perception (Mishkin et al., 1983). Whereas discrimination
between dissimilar objects can be solved using single feature rep-
resentations in early visual areas in the posterior VVS, discrimi-
nation between highly similar objects recruits object-level
representations in the anterior VVS (Bussey and Saksida,
2007). The representational–hierarchical account of object pro-
cessing (Saksida and Bussey, 2010; Martin and Barense, 2023)
posits that the VVS extends into the medial temporal lobes
(MTL) to interface with the perirhinal cortex (PRC), where rep-
resentations are characterized by the conjunctive coding of object
features (Erez et al., 2016). Thus, PRC damage in nonhuman
(Buckley et al., 2001; Bussey et al., 2003) and human (Barense
et al., 2012; Erez et al., 2013) primates results in compromised
discrimination between complex objects sharing multiple fea-
tures (i.e., cannot be discriminated based on single features).
Similar—albeit subtler—deficits are seen in nominally healthy
aging (Gellersen et al., 2023; Jiang et al., 2024), as PRC neurode-
generation can appear before diagnosis of dementia (Bastin and
Delhaye, 2023).

Recent evidence linked volume of the anterolateral entorhinal
cortex (alERC), a PRC-adjacentMTL region, to the ability to differ-
entiate among conjunctive objects based on the spatial (i.e., confi-
gural) arrangement of their component features (Yeung et al.,
2017). Consistent with findings that rodent lateral ERC—the puta-
tive homolog of the human alERC—responds to objects’ spatial
properties (Knierim et al., 2014), alERCgraymatter volume among
older adults with varying levels of cognitive decline positively cor-
related with configural processing, as indexed by eye fixations to
objects’ middle section. Feature configurations overlapping in
this section allowed participants to distinguish between repeated
(familiar features, familiar configuration), recombined (familiar
features, novel configuration), and novel (novel features, novel
configuration) objects, with greater fixations to this section reflect-
ing increased exploration of the object’s configural arrangement.
The alERC is an early site of dementia-related neurodegeneration
(Olsen et al., 2017; Kulason et al., 2020) and shows age-related
changes during object discrimination with the PRC (Berron
et al., 2018; Reagh et al., 2018); whether this MTL region is func-
tionally sensitive to objects’ configural properties has not yet
been investigated. Critically, novelty discrimination can rely on
feature-level (where all object features are novel) and configural-
level (where features are familiar but rearranged innovel configura-
tions) changes, and the PRC/alERC may play distinct roles in rep-
resenting these forms of change—roles that may also be
differentially affected by aging.

Functional activation differences between the PRC/alERC
during object processing may be subtle, given their anatomical
proximity (Kivisaari et al., 2020) and shared connectivity profiles
(Navarro Schröder et al., 2015). Compounding this challenge is
considerable interindividual boundary variability, especially
with aging (Taylor and Probst, 2008). Foundational studies link-
ing PRC activation to discriminating objects based on their fea-
ture conjunctions (Barense et al., 2012; Ryan et al., 2012;
Cacciamani et al., 2017) relied on a probabilistic map (Devlin
and Price, 2007; Holdstock et al., 2009), overlapping with
alERC (Maass et al., 2015). While this approach has been instru-
mental in understanding MTL function, defining PRC/alERC
boundaries in subject space will further establish their respective
roles in complex object processing.

Here, we examined functional contributions of the PRC/
alERC to configural processing across the lifespan, manually
delineating them based on an established segmentation protocol
(Yushkevich et al., 2015; Olsen et al., 2017). Participants com-
pleted a combined fMRI and eye-tracking task, adapted from
Yeung et al., in which they viewed repeated, recombined, and
novel objects composed of two unique features (Fig. 1). Gaze
fixations indexed memory independent of overt task demands
(Hannula et al., 2010), reducing cognitive load for older adults.
Given its role in representing the feature conjunctions that com-
pose complex objects, we predicted that the PRC in younger
adults would be sensitive to object novelty at both the feature-
and configural-level and that this sensitivity to object novelty
would be reduced in older adults. Importantly, since the
alERC’s functional role in configural processing remains less
understood, the current study allowed us to probe how this
region may contribute to detecting configural novelty—and
how this may be impacted by aging.

Materials and Methods
Participants
Forty-nine younger adults (19–35 years old) and 55 community-dwell-
ing older adults (60+ years old) were recruited from the greater
Toronto city area. All participants had normal or corrected-to-normal
vision and were screened for color blindness, psychological and/or neu-
rological disorders, brain damage (i.e., stroke, surgery, concussions), and
metal implants/health conditions that would have precluded MRI. In
total, three older adult and four younger adult participants did not
meet inclusion criteria of completing at least five of the seven experimen-
tal task fMRI runs due to drowsiness or excessive head motion within the
scanner. Additionally, one younger adult participant’s data corrupted in
the transfer of raw DICOM files from the scanner and so was also
excluded from all subsequent analyses. One older adult participant was
excluded because they scored below 20 on the Montreal Cognitive
Assessment (MoCA; Nasreddine et al., 2005), likely indicative of cogni-
tive decline consistent with dementia (Roalf et al., 2013). Finally, five par-
ticipants (four older adults and one younger adult) were excluded from
fMRI analyses due to poor signal quality in the MTL, i.e., a temporal
signal-to-noise ratio 2 SD below average in either the PRC or alERC.
Thus, our final sample included 47 older adult participants (Mage =
72.60 years; SDage = 5.55; MMoCA = 26.55; SDMoCA = 2.00; nfemale = 33)
and 43 younger adult participants (Mage = 21.44 years; SDage = 2.52;
nfemale = 32). The study was approved by the Research Ethics Boards at
the University of Toronto and the Rotman Research Institute at
Baycrest Health Sciences, and informed consent was given by each par-
ticipant prior to participation.

Stimuli and contrasts of interest
We used the Strata Design 3D CX 7.0 software (Strata Mixed Reality,
2012) to build a set of conjunctive objects consisting of two distinct upper
and lower feature parts which overlapped in the middle third of the
object (Fig. 1). These feature parts were unique from one another based
on shape, color, and/or texture. The objects were standardized to have
the same vertical size of 300 pixels to facilitate their presentation in the
scanner. As such, all objects had the same vertical height but ranged in
horizontal width between 137 and 563 pixels. Objects were organized
into 14 experimental blocks of 21 trials each (two experimental blocks
per functional scanning run). Object features were unique to each block,
making each block independent. Each block began with five repetitions
of three objects (containing features AB, CD, and EF), such that partic-
ipants saw all three objects in a randomized order before seeing them
again (Fig. 1A). Crucially, Repetitions 6 and 7 within each block con-
tained the same repeated object (containing familiar features in a familiar
configuration, i.e., object AB), two recombined objects (containing famil-
iar features in novel configurations, i.e., objects CF and ED), and two
novel objects (containing novel features in novel configurations, i.e.,
objects GH and IJ). Objects were counterbalanced such that across
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participants any given upper or lower feature half could be part of an
object that was repeated, recombined, or novel.

Critically, our stimulus set allowed us to investigate activity in the
PRC/alERC, as well as in gaze behaviors, when viewing objects with
different levels of novelty (Fig. 1A): objects where nothing has changed
(repeated), where the configuration has changed (recombined), and
where both the features and the configuration have changed (novel).
Moreover, targeted contrasts characterized PRC/alERC detection of
object novelty (in Repetitions 6 and 7 of each block) at a global level
(novel vs repeated contrast; the novel object is novel in terms of both
its features and configurations), a feature level (novel > recombined con-
trast; both configurations are novel, and so novelty is determined by the
features), and a configural level (recombined > repeated contrast; all fea-
tures are familiar, and so novelty is determined by their configuration;
Fig. 1B). Here, we operationalize novelty detection as increased activity
for the univariate contrast of interest (Kumaran and Maguire, 2006;
see Ranganath and Rainer, 2003 for review).

Procedure
Participants viewed individually presented objects subtending ∼4.6°
visual angle in height. These objects were jittered at one of seven evenly
spaced positions along a 200 pixel radius circle (distance from center,
3.09° visual angle). Each trial contained three phases: (1) the fixation
phase, (2) the object viewing phase, and (3) the coherence rating phase
(Fig. 1C). During the fixation phase, participants were instructed to
maintain their gaze on a crosshair presented in the center of the screen
(on-screen coordinates in pixels: [960, 540]). The duration of the fixation
phase was jittered to last 2–4 s in length. Next, in the object viewing
phase, a single object comprising unique upper and lower features
appeared at one of the seven circumscribing positions for a duration of

3 s. During this phase, participants were instructed to carefully view
the object and determine (without responding) whether the upper and
lower features went together coherently. Finally, during the coherence
rating phase, a question appeared on the screen (“How well do the two
parts of the object go together?”) along with three response options (1,
not well; 2, somewhat well; 3, very well). Participants were given 4 s to
respond to the question by pressing the “1,” “2,” or “3” button on an
MR-compatible four–button keypad held in their right hand.
Participants were instructed (and reminded) that this rating was entirely
subjective and could change throughout the course of the experimental
task.

Eye-tracking
The experimental task was presented on a 32-inch monitor (1,920 ×
1,080 resolution) projected on an MR-compatible LCD screen at a dis-
tance of ∼134 cm and viewed with a mirror mounted to a 32-channel
head coil. Eye-tracking was recorded using an EyeLink 1000 Plus on a
long-range mount, focused on the participants’ right eye (sampling
rate, 1,000 Hz; spatial resolution < 0.1°; accuracy, 0.5°). Participants
requiring corrective lenses were provided with a pair of MR-compatible
goggles with lenses matching their prescription. Prior to beginning the
experimental task and before each functional run, nine-point calibration
and validation were performed to ensure stable fixations. Before entering
the MRI, participants were provided with task instructions emphasizing
that they would see objects on the screen throughout the experiment and
that they should inform the experimenter if their field of view (FOV) of
the screen was obscured by the head coil in any way (in which case, their
head position would be adjusted). Task instructions were also repeated
on-screen before each block of the task. Events not defined as saccades
or blinks were classified as fixations. For each participant, the number

Figure 1. Schematic overview of study paradigm. A, One experimental block (out of 14 total) of the configural object processing task. Individual object features are denoted by letters A–J.
Objects AB, CD, and EF (shown in gray boxes) were presented five times each during Repetitions 1–5 in the experimental block (in randomized order), with the same top and bottom feature parts
in a consistent configuration. During Repetitions 6 and 7 of each experimental block, participants saw objects as repeated (shown in yellow boxes: familiar features, familiar configurations),
recombined (shown in green boxes: familiar features, novel configurations), and novel (shown in blue boxes: novel features, novel configurations). B, Interpretations of novelty discrimination at
the feature- and configural-level in PRC/alERC activation. C, Example of one trial of the experimental task. Participants saw a fixation cross (2,000–4,000 msec), followed by one object in the
viewing phase (3,000 msec) appearing at one of seven evenly spaced positions along a 200 pixel radius circle. Finally, they were asked to rate the coherence of the object’s features, using a
button box (4,000 msec). A video demonstration of one block of the experimental task, as well as the stimuli used in this experiment, is available on our OSF repository (see Data Availability).
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of fixations made during the experimental task for each object was calcu-
lated and exported using EyeLink software Data Viewer.

Behavioral data analyses
Gaze fixation analyses. Wewere unable to reliably assess the propor-

tion of gaze fixations to the middle section of each object as a measure of
configural processing reported in Yeung et al. (2017) for the following
reasons: (1) the inherent constraints of eye-tracking during fMRI scan-
ning (e.g., head coil shape, tendency of participants to partially close their
eyes while lying on their back, lost calibration midfunctional run), (2) the
reduced visual size of stimuli (i.e., smaller visual angle) relative to
the ones presented in Yeung et al. outside the MRI scanner, and
(3) the shortened object viewing phase (3 s) from the object viewing
phase in Yeung et al. (5 s). Consequently, participants in the current
study made fewer fixations to the objects and there was increased noise
in gaze coordinate measurements (Hanke et al., 2020). Instead, we inves-
tigated three eye-tracking–based outcome variables for each novelty con-
dition in Repetitions 6 and 7 of each experimental block: (1) average
number of fixations to the conjunctive objects per trial, (2) average dura-
tions (in msec) of fixations to the conjunctive objects, and (3) average
durations (in millisecond) of the first five fixations to each trial’s con-
junctive object. In younger adults, prior work has shown a reduction
in the number of fixations directed toward previously viewed stimuli,
with a corresponding increase in the duration of fixations (Heisz and
Ryan, 2011). In contrast, eye movement fixations in older adults are con-
sistently characterized by less differentiated viewing patterns between
previously experienced and new stimuli [Whitehead et al., 2018; see
also Ryan et al. (2021) for a comprehensive review]. As such, we expected
fewer fixations—paired with longer fixation durations—directed to
repeated objects among younger adults compared with novel and recom-
bined objects and compared with older adults, reflecting prior experience
with these objects and their feature configurations. Furthermore, early
fixations within each trial may reflect the speed and/or strength of
memory-based signals for objects with which we have prior experience
(Ryan et al., 2007). Thus, the inclusion of the third measure—average
duration of the first five fixations—permits an examination of how
quickly prior experience with features and their configurations exerts
an effect on visual sampling within a trial. Even when the average fixation
duration across the whole trial may be relatively well predicted by the
number of fixations, the duration of each fixation within the trial may
vary considerably, and in different ways at different points in the trial
for younger versus older adults. We expected early fixations to be
directed longer at repeated objects, reflecting prior experience with these
objects, and later fixations to be directed longer at novel objects.
Importantly, this third measure of gaze fixations allowed us to examine
whether early fixations to recombined objects more closely mirrored the
pattern of fixations for repeated or novel objects or a combination of
both.

We ran a series of linear mixed-effects models (LMEM) for each of
these gaze fixation measures, with interactions of novelty condition
(repeated*, recombined, novel) and age group (younger*, older) as
fixed effects. Random intercepts for participant and image were also
included in the models. Backward model comparison (α= 0.05) was
used to determine the most parsimonious model (p values approximated
with the lmerTest package; Kuznetsova et al., 2017) in R (ver. 4.0.0, R
Core Team, 2020) for RStudio (RStudio Team, 2020).

Coherence rating analysis. Trial-level coherence ratings (“How well
do the two parts of the object go together?”) were analyzed using a
LMEM with an interaction specified between novelty condition
(repeated*, recombined, novel) and age group (younger*, older) as
fixed effects. Random intercepts for participant and image were also
included in this model. Backward model comparison (α= 0.05) was
used to determine the most parsimonious model, following the same
analysis steps as specified for the gaze fixation measures specified above.
This measure allowed us to examine how prior exposures to features and
their configurations would influence subsequent configural processing,
without requiring a direct measure of mnemonic recognition that may
have added negative influences of stereotype on task demands for older

adults (Rahhal et al., 2001; Ryan and Campbell, 2021). In this way,
implicit and/or explicit mnemonic influences could be captured by an
indirect coherence judgment (for further discussion on indirect task
requirements, see Ryan, 2012). Missed trials (i.e., trials in which the par-
ticipant did not respond during the 3 s coherent rating period) were
infrequent and were excluded from the coherence rating analysis. In
Repetitions 6 and 7, no younger adults missed responses; among older
adults, one participant missed 1 trial, and two participants missed 12 tri-
als each. The inclusion or exclusion of missed trials in the LMEM did not
change the overall pattern of results. Finally, we assessed response-time
variability (in millisecond) of coherence ratings, which could be sensitive
to attentional lapses, using an LMEM with an interaction specified
between novelty condition and age group as fixed effects. Random inter-
cepts for participant and image were also included in the full model.
Backward model comparison was used in the same approach as the
LMEM specified above for coherence ratings.

MRI data acquisition
Structural MRI data were acquired on a 3 T Siemens Magnetom Prisma
MRI scanner at the Toronto Neuroimaging Facility (University of
Toronto) using a 32-channel receiver head coil. Images were collected
using a T1-weighted high–resolution MPRAGE sequence [224 slices;
FOV, 256 mm; 1 mm isotropic resolution; 0.5 mm interslice spacing;
echo time (TE), 2.40 ms; repetition time (TR), 2,000 ms]. High-resolu-
tion T2–weighted structural images were also acquired in an oblique-
coronal plane perpendicular to the long axis of the hippocampus (42
slices; FOV, 220 mm; 2.0 mm anisotropic resolution; 0 mm interslice
spacing; TE, 68.00 ms; TR, 4,220 ms). For older adult participants, we
collected two separate T2-weighted structural images to guard against
greater movement with aging in the MRI. We qualitatively reviewed
each set of T2-weighted images to select one for segmentation.
Functional images were acquired using a T2-weighted multiband EPI
procedure with oblique orientation and partial coverage focused on the
MTL, extending from the early visual cortex (i.e., the inferior top of
the occipital lobe) to the anterior temporal lobe (51 slices; FOV,
220 mm; 2 mm isotropic resolution; 0 mm interslice spacing; TE,
30.00 ms; TR, 1,500 ms). Two hundred and eighty volumes were
acquired for each fMRI run. A maximum of seven functional runs (min-
imum five functional runs) using this multiband EPI procedure were
acquired while participants completed the experimental task.

Region-of-interest (ROI) definitions
Manual segmentation of gray matter volumes in the MTL on
T2-weighted structural scans followed the Olsen–Amaral–Palombo
(OAP) protocol (Olsen et al., 2013; Yushkevich et al., 2015), supple-
mented with a modified version of the protocol for subdivisions of the
ERC (Olsen et al., 2017, based on Maass et al., 2015; Fig. 2). The OAP
protocol was informed by guidelines established in Insausti et al.
(1998) for delineating the PRC and ERC based on cytoarchitectonic anal-
yses of necropsy cases and MR volumetry in health volunteers. The wide
age range of both the histologic (12–110 years) and imaging (21–
79 years) subjects in Insausti et al. facilitates the application of the
OAP protocol to younger and older adult participants in the current
study. Note that this protocol matches the one reported in Yeung et al.
(2017) but with 2-mm-thick slices (instead of 3 mm) for T2-weighted
structural scans. The thickness of slices informs not only the number
of slices that are available to segment but also the visibility of boundary
landmarks between the PRC and subregions of the ERC. Two indepen-
dent raters (NLW and SDA) manually segmented the two MTL cortices
of interest (PRC, alERC), as well as adjacent MTL cortex divisions (pos-
teromedial ERC and parahippocampal cortex) and three hippocampal
subfields [cornu ammonis (CA) 1, dentate gyrus (DG) +CA3, and sub-
iculum] on coronal slices of T2-weighted structural scans using
ITKSnap ver. 4.0.0 (www.itksnap.org; Yushkevich et al., 2006).
Segmentations for the PRC and alERC were used as subject-specific
binarized masks to constrain subsequent ROI analyses of functional acti-
vation. A custom script using the R package oro.nifti (ver 0.11.4;
Whitcher et al., 2011) was used to extract individual ROIs from each
hemisphere into separate NIFTI files for subsequent analyses. Finally,

4 • J. Neurosci., May 13, 2026 • 46(19):e1462252026 Ladyka-Wojcik et al. • Configural Novelty in the Perirhinal/Entorhinal Cortex

http://www.itksnap.org


in order to investigate structural variance in the MTL between age
groups, raw volumes of each ROI were adjusted for the head size using
a regression-based method, accounting for differences in the brain size
between participants. Specifically, raw ROI volumes were corrected for
intracranial volume (ICV), estimated using the Computational
Anatomy Toolbox (CAT12) pipeline (neuro-jena.github.io; Gaser
et al., 2024) in SPM12 (Statistical Parametric Mapping, Wellcome
Trust Centre for Neuroimaging, University College London), which
serves as a proxy for the head size (Buckner et al., 2004).

fMRI data preprocessing
Structural and functional images were first converted from the scanner’s
native DCM format into NIFTI using the function dcm2niix (Li et al.,
2016). To prepare for coregistration, the T1- and T2-weighted structural
images were skull-stripped using the brain extraction tool (BET; Smith,
2002) in FSL (manual centering flag =−c 80 80 180). For T2-weighted
structural images, the fractional intensity threshold was adjusted (−f =
0.05) due to underextraction of the skull tissue. Resulting brains were
manually inspected to ensure that the neck and shoulders were properly
removed and that all gray and white matters were preserved. Next, we
used the linear registration tool FLIRT in FSL (Jenkinson et al., 2002)
to run a rigid body affine registration of the T2-weighted structural
images to the T1-weighted structural images. The transformation matrix
produced from this step was also applied to coregister the manually seg-
mented ROI masks to the T1-weighted structural images for each partic-
ipant. Affine registration using FLIRT was used to transform the
T1-weighted structural images to MNI space (MNI152_T1) first, and
then FNIRT in FSL (Andersson et al., 2007) was subsequently used to
conduct nonlinear registration of the T1-weighted images to the MNI
template. For functional images, preprocessing was performed using a
series of custom scripts from the FslTools software suite. First, we per-
formed a realignment of every 3D volume to the first acquired 3D volume
of that scan using FLIRT. This step also generated motion parameters,
indicating a participant’s translational and rotational motion over
time. These motion parameters were used for quality assurance and later
as nuisance regressors in general linear model (GLM)-based analyses.
Following realignment, a time-averaged functional 3D volume was cal-
culated using fslmaths, which were coregistered to MNI standard space

using the transformation matrix produced from T1-weighted
registration.

fMRI analyses
First- and second-level fMRI analyses. First- and second-level analy-

ses, as well as voxelwise whole-brain analyses, were conducted using
FEAT 6.00 (Woolrich et al., 2001, 2004) in FSL. Following preprocessing,
we calculated a GLM to estimate the activation evoked by objects with
varying degrees of novelty (i.e., repeated, recombined, and novel). The
comparisons of interest were in Repetitions 6 and 7 of each experimental
block, in which objects varied in their feature- and configural-level nov-
elty (Fig. 1A). We included one regressor representing all thirty object
presentations encountered during the first five repetitions of each exper-
imental block, modeled as 30 3 s epochs beginning at the same time as
each object onset. The two repeated object presentations found in the
sixth and seventh repetition of each block were modeled as 3 s epochs
beginning at the same time as each object onset. Likewise, the recombined
and novel object presentations were each combined in the same manner,
resulting in 3 s epochs for the recombined regressor and 3 s epochs for
the novel regressor. A fifth regressor was created to represent the
response phase of each trial (i.e., the coherence rating phase), modeled
as impulses occurring at the onset of each question on-screen. There
were 42 such impulses contained within the regressor. Finally, we also
modeled the motion parameters as nuisance regressors. The normalized
functional data were spatially smoothed using a 3D 5 mm full-width
half-maximum Gaussian kernel. BOLD activation for each novelty con-
dition was first averaged within-run for each subject, then across runs
within-subject, and finally across all subjects.

ROI analyses. ROI analyses were conducted in the left and right
alERC and PRC, using the subject-specific coregistered masks created
by manual segmentation of the T2-weighted structural images. The func-
tion fslmeants from the FSLUTILS toolbox was used to extract parameter
estimates from second-level subject contrasts in bilateral ROIs. The first
question of interest was to determine how activity in the PRC and alERC
was modulated by age and by novelty condition. First, we used parameter
estimates in the PRC and alERC in each age group (between: younger,
older) to examine sensitivity of these MTL regions to each novelty

Figure 2. Modified version of the OAP segmentation protocol for gray matter volume in the MTL used in the current study. PRC and alERC are shown in pink and light blue, respectively. Inset
images depict coronal slices of the MTL taken at various points along the long axis of the hippocampus. Lower images depict axis (left) and sagittal (right) views for reference.
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condition (within: repeated, recombined, novel), conducted using amixed
ANOVA in R in the package rstatix (Kassambara, 2023). Note that we
first conducted our analyses specifying hemisphere (within: left, right)
for each ROI in the models; in the absence of significant interactions
with age group and novelty condition, we averaged across hemispheres.
Second, as a follow-up to the primary functional analyses, we tested for
age-group differences in ICV-corrected ROI volumes of the PRC and
alERC (Olsen et al., 2017; Kulason et al., 2020; Bastin and Delhaye,
2023), given that structural variance in the MTL may contribute to
age-related reductions in functional activity (Persson et al., 2012). In
cases where significant volumetric differences were detected between
younger and older adults, the functional mixed ANOVAs were repeated
with ICV-corrected ROI volume included as a covariate. Finally, to
address our a priori hypotheses about novelty discrimination in both
ROIs and age groups, we compared contrasts of parameter estimates
for pairs of novelty conditions in younger versus older adults at the global
level (novel > repeated), at the feature-level (novel > recombined), and at
the configural-level (recombined > repeated). Pairwise contrasts were
corrected for multiple comparisons using false discovery rate (FDR).
Effect sizes for any significant differences were estimated using
Cohen’s d.

Whole-brain group–level analysis. To explore whether other brain
regions showed differences in configural processing effects with aging,
in addition to the ROI analysis, we also conducted whole-brain group–
level analyses with FSL’s FLAME1 mixed-effects function and compared
activation with each novelty condition by the age group. The results from
this analysis were visualized using BrainNet Viewer (Xia et al., 2013).
Whole-brain activation maps depict z-stat (3.1) values (cluster inference
corrected probability threshold of p < 0.05). An atlasquery tool script in

FSL was used to identify the anatomical labels for regions in the
Harvard–Oxford cortical atlas that showed significant effects
(Supplemental Materials, Table S1).

Parametric modulation analyses. We were also interested in investi-
gating whether a relationship exists between gaze fixation behavior and
activation in the brain during configural object processing, so we con-
ducted two parametric modulation analyses using FEAT 6.00 in FSL.
Specifically, in addition to regressors of the design matrix described in
the main univariate analyses (see above), for each novelty condition in
Repetitions 6 and 7 of each experimental block, we added a linear para-
metric modulation regressor that consisted of (1) trial-wise number of
fixations and (2) trial-wise fixation durations. The effect of the fixation
modulation regressors in each of the novelty conditions (repeated,
recombined, and novel) was first averaged within-run for each subject,
then across runs within-subject, and finally across all subjects (i.e.,
whole-brain group–level analysis) to compare clusters of activation sen-
sitive in each age groups to gaze fixation behaviors during configural
object processing.

Results
Behavioral results
To investigate the relationship between gaze fixations to the con-
junctive objects and aging, we ran a LMEM on the trial-level
number of fixations with interactions of novelty condition
(repeated*, recombined, novel) and age group (younger*, older)
as fixed effects, as well as participant and image as random effects
(Fig. 3A). Results of the final best fit model indicated that

Figure 3. Visualization of gaze fixations and coherence ratings during the configural object processing task. A, Average number of fixations per trial for each novelty condition, collapsed across
age groups. Error bars represent ±1.5 * IQR. B, Average fixation durations for each novelty condition and age group. Error bars represent ±1.5 * IQR. C, Average fixation duration for each novelty
condition and age group, as a function of fixation order. Error bars represent ±SEM. D, Average coherence ratings for each novelty condition and age group. Error bars represent ±1.5 * IQR.
(***p< 0.001; **p< 0.01; *p< 0.05).
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significantly more gaze fixations were made for novel relative to
repeated objects (β= 0.699; SE = 0.099; z= 7.051; p < 0.001) and
for recombined relative to repeated objects (β= 0.603; SE =
0.104; z= 5.795; p < 0.001). Gaze fixations did not significantly
differ between age groups (β= 0.178; SE = 0.542; z= 0.969; p=
0.597). The inclusion of the interaction between the fixed effects
to the model did not significantly improve the model fit
(χ2 = 3.080; p= 0.214).

Next, we investigated the relationship between the duration of
gaze fixations to the conjunctive objects and aging by running a
LMEM on the trial-level fixation durations with interactions of
novelty condition (repeated*, recombined, novel), age group
(younger*, older), and participant and image as random effects
(Fig. 3B). The inclusion of the interaction term between novelty
condition and age group significantly improved the model fit
(χ2 = 22.349; p < 0.001). Estimated marginal means for post hoc
comparisons revealed that older adults did not differ in their
gaze duration between any novelty condition (all ps > 0.05). In
contrast, younger adults made significantly longer gaze fixations
for the repeated condition compared with both the novel
(β= 87.57; SE = 12.20; z= 7.179; p < 0.001) and the recombined
(β= 83.29; SE = 12.50; z= 6.667; p < 0.001) conditions. To inves-
tigate whether fixation durations varied in length within a trial,
we also defined an additional model which included fixation
position within each trial (first*, second, third, fourth, fifth
fixation) as a fixed effect (Fig. 3C). The further inclusion of
the interaction term of fixation position to the model signifi-
cantly improved the model fit (χ2 = 37.914; p= 0.035).
Estimated marginal means were calculated for post hoc compar-
isons in the interactions. Older adults did not differ in their
gaze duration between any novelty condition within each
fixation position (all ps > 0.05). In contrast, younger adults
showed significantly longer gaze durations for repeated objects
compared with novel ones in both the first and second
fixation positions (β= 142.83; SE = 31.60; z= 4.523; p < 0.001;
β= 120.84; SE = 32.50; z= 3.719; p < 0.001) and compared with
recombined ones in the first fixation position (β= 134.16;
SE = 32.00; z= 4.192; p < 0.001). Finally, younger adults had sign-
ificantly longer gaze durations compared with older adults for the
repeated condition in the first and second positions (β= 140.57;
SE = 39.70; z= 3.544; p < 0.001; β= 110.16; SE = 40.60; z= 2.712;
p= 0.007).

Finally, we determined the relationship between judged confi-
gural coherence for the objects and aging by running a LMEM on
the trial-level coherence ratings with interactions of novelty con-
dition (repeated*, recombined, novel) and age group (younger*,
older) as fixed effects, as well as participant and image as random
effects (Fig. 3D). Results of the final best fit model revealed an
effect of novelty condition on coherence ratings moderated by
age group (χ2 = 9.528; p= 0.009). Estimated marginal means
were calculated for post hoc comparisons in the interaction.
Older adults differed in their coherence ratings only for repeated
compared with the recombined (β= 0.151; SE = 0.060; z= 2.503;
p= 0.033) objects, whereas younger adults rated recombined
objects as significantly less coherent than either novel
(β= 0.172; SE = 0.057; z= 3.026; p= 0.007) or repeated (β=
0.163; SE = 0.061; z= 2.646; p= 0.022) objects. Response-time
variability to the coherence ratings did not differ between age
groups, nor was the effect of novelty condition moderated by
age group (χ2 = 0.973; p= 0.618). Participants had shorter
response times for repeated objects compared with novel
(β= 124.60; SE = 14.10; z= 8.862; p < 0.001) or recombined
(β= 101.70; SE = 14.60; z= 6.981; p < 0.001) ones, suggesting

that both younger and older adults reacted faster to previously
seen objects.

fMRI results
Age-related activation differences in PRC/alERC to novelty
conditions
For both MTL ROIs (PRC, alERC), there were no interactions
with hemisphere by age group (F(1,88) = 2.377; p= 0.127), hemi-
sphere by novelty condition (F(2,176) = 2.862; p= 0.060), or hemi-
sphere by age group by novelty condition (F(2,176) = 0.2.172; p=
0.117). Therefore, we examined bilateral parameter estimates
in subsequent analyses, i.e., averaging across left and right
hemispheres for both ROIs. We found a main effect of novelty
condition (F(2,176) = 27.55; p < 0.001; ηp

2 = 0.240), a main effect
of age group (F(1,88) = 9.405; p= 0.003; ηp

2 = 0.097), a main effect
of ROI (F(1,88) = 16.705; p < 0.001; ηp

2 = 0.160), and a significant
three-way interaction between novelty condition by age group
by ROI (F(2,176) = 3.411; p= 0.035; ηp

2 = 0.037). Next, we decom-
posed this interaction in each ROI separately to examine their
sensitivity to configural processing in younger and older adults
via a two-way ANOVA for each ROI.

In the PRC (Fig. 4A), we found a main effect of novelty con-
dition (F(2,176) = 41.065; p < 0.001; ηp

2 = 0.318), a main effect of
age group (F(1,88) = 14.060; p < 0.001; ηp

2 = 0.137), and an interac-
tion between novelty condition by age group (F(2,176) = 3.788;
p= 0.025; ηp

2 = 0.041). Importantly, one-sample t tests showed
that the PRC in younger adults was significantly more active
than baseline for the repeated (t(42) = 5.13; p < 0.001; d= 0.78),
recombined (t(42) = 6.93; p < 0.001; d= 1.06), and novel (t(42) =
7.53; p < 0.001; d= 1.15) conditions, after controlling for multiple
comparisons using FDR correction. In older adults, one-sample t
tests revealed that the PRC was significantly more active than
baseline for the recombined (t(47) = 2.345; p= 0.020; d= 0.344)
and novel (t(47) = 2.69; p= 0.010; d= 0.39) conditions after con-
trolling for multiple comparisons using FDR correction.
Examining parameter estimates in the PRC between age groups
revealed that they were significantly greater in younger adults
compared with older adults in all novelty conditions, i.e., in the
repeated (t(88) = 3.17; p= 0.002; d= 0.67), recombined (t(88) =
3.93; p < 0.001; d= 0.83), and novel (t(88) = 3.09; p < 0.001;
d= 0.82) conditions.

In the alERC (Fig. 4B), we found a main effect of novelty con-
dition (F(2,176) = 13.076; p < 0.001; ηp

2 = 0.129) and a main effect of
age group (F(1,88) = 4.164; p= 0.044; ηp

2 = 0.045), but no interac-
tion between novelty condition by age group (F(2,176) = 0.167; p
= 0.847). Across age groups in the alERC, we found significant
differences in parameter estimates between the repeated and
novel conditions (t(89) = 4.91; p < 0.001; d= 0.52), repeated and
recombined conditions (t(89) = 3.02; p= 0.005; d= 0.32), and novel
and recombined conditions (t(89) = 2.15; p= 0.034; d= 0.23). In
younger adults only, one-sample t tests against mu = 0 showed
that the alERC was significantly more active than baseline in
younger adults for the repeated (t(42) = 2.22; p= 0.024; d= 0.34),
recombined (t(42) = 3.05; p= 0.005; d= 0.47), and novel (t(42) =
3.49; p < 0.001; d= 0.53) conditions, but not in older adults for
any novelty condition (all ts < 0.47; all ps > 0.05, one-sided).

Next, to determine whether age-related structural differences
in the MTL should be considered when predicting functional
activation, we tested for age-group differences in ICV-corrected
regional volume. We observed a significant difference in
ICV-corrected PRC volume between older and younger adults
(t(88) = 3.40; p= 0.001; d= 0.70) and in ICV-corrected alERC vol-
ume between older and younger adults (t(88) = 4.88; p < 0.001;
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d= 1.04). In the PRC, ICV-corrected volume did not significantly
predict functional activation (F(1,87) = 1.162; p= 0.284) nor did it
interact with novelty condition (F(2,174) = 0.747; p= 0.475).
Moreover, the main effect of the age group (F(1,87) = 9.914;
p= 0.002; ηp

2 = 0.102), the main effect of novelty condition
(F(2,174) = 5.133; p= 0.007; ηp

2 = 0.056), and the interaction
between novelty condition and age group (F(2,174) = 3.720; p=
0.026; ηp

2 = 0.041) remained significant after controlling for
PRC volume. Similarly, in the alERC, ICV-corrected volume
did not significantly predict functional activation (F(1,87) =
0.064; p= 0.801), nor did it interact with novelty condition
(F(2,174) = 0.128; p= 0.880). In the alERC, we found that the
main effect of novelty condition, collapsing across age groups,
remained significant when ICV-corrected volume was included
as a covariate (F(2,176) = 12.952; p < 0.001; ηp

2 = 0.128), but the
main effect of age group did not (F(1,87) = 3.663; p= 0.059).

Feature- versus configural-level novelty PRC versus alERC in
younger and older adults
Having established patterns of activation in the PRC and alERC
sensitive to configural processing (repeated, recombined, novel)
in both age groups (younger, older), we next examined our a pri-
ori hypotheses about novelty discrimination in these regions
(Fig. 1B), i.e., whether contrasts of parameter estimates distin-
guished object novelty at the feature-level (novel > recombined)
and at the configural-level (recombined> repeated).

First, we examined whether the PRC and alERC in both age
groups were sensitive to novelty discrimination at the feature-
level (i.e., novel > recombined; Fig. 5A). We found that only the
PRC in younger adults was sensitive to feature novelty (t(42) =
2.58; p= 0.023; d= 0.39). No other comparisons of interest for

the novel > recombined contrast were significant (all ps > 0.05).
Next, we examined whether the PRC and alERC in both age
groups were sensitive to novelty discrimination at the configural-
level (i.e., recombined > repeated; Fig. 5B). In younger adults, both
the PRC (t(42) = 5.26; p < 0.001; d= 0.80) and the alERC (t(42) =
2.38; p= 0.033; d= 0.36) were sensitive to configural novelty.
Moreover, we found that the PRC in younger adults was more
sensitive to configural novelty than the alERC (t(42) = 3.40;
p= 0.001; d= 0.52). In older adults, however, only the PRC
(t(46) = 3.60; p= 0.002; d= 0.53) was sensitive to configural nov-
elty. Importantly, the PRC’s sensitivity to configural novelty
was greater in younger adults compared with older adults
(t(88) = 2.05; p= 0.044; d= 0.44). In summary, the three-way
interaction reported in the section above was driven by greater
sensitivity to configural novelty in the PRC relative to the
alERC, as well as by age-related differences in PRC responses
to configural novelty.

For completeness, we examined novelty at the global level
(novel > repeated) in the PRC and alERC. In both age groups,
novelty at a global level was reflected in both PRC and alERC
activation (all ps < 0.01). We also found greater activation in
PRC than alERC in younger adults for the novel > repeated con-
trast (t(42) = 3.97; p < 0.001; d= 0.61). PRC activation for the novel
> repeated contrast was also greater for younger adults compared
with older adults (t(88) = 2.31; p= 0.024; d= 0.49).

Finally, we examined whether ROI sensitivity in both age
groups was different for feature novelty compared with confi-
gural novelty (i.e., novel > recombined vs recombined > repeated).
We found a significant difference in the PRC for younger adults
(t(42) = 2.20; p= 0.034; d= 0.55), but not for older adults (t(46) =
1.09; p= 0.282). Sensitivity to feature versus configural novelty

Figure 4. Patterns of activation in PRC and alERC for configural object processing in younger and older adults. A, Parameter estimates in the PRC illustrating novelty condition (repeated vs
recombined vs novel) differences between age groups (younger, older) on bilateral fMRI activation. B, Parameter estimates in the alERC illustrating novelty condition (repeated vs recombined vs
novel) differences between age groups (younger, older) on bilateral fMRI activation. (***p< 0.001; **p< 0.01; *p< 0.05; error bars represent ±SEM).
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did not differ in the alERC for younger adults (t(42) = 0.45;
p= 0.658) or for older adults (t(46) = 0.37; p= 0.717).

Whole-brain analyses reveal additional regions recruited for
configural object processing
Whole-brain analyses revealed additional age group differences
for each of the novelty conditions (Fig. 6). Specifically, compared
with older adults, younger adults showed significant clusters of
activation in subregions of the occipital lobe (i.e., cingulate gyrus
and intracalcarine cortex) and insular cortex, as well as in the
pre- and postcentral gyri, for the repeated, novel, and recombined
conditions. Additionally, in both the recombined and novel con-
ditions, younger adults showed significant clusters of activation
compared with older adults in the right hemisphere overlapping
the frontal orbital cortex, frontal operculum cortex, and insular
cortex and bilaterally in an area overlapping the parahippocam-
pal gyrus. Similarly, in the repeated condition, younger adults
also showed significant activation in the parahippocampal gyrus.
For older adults compared with younger adults, we found clus-
ters of activation concentrated in the left precuneus in the recom-
bined and novel conditions. In the repeated condition, older

adults showed a small cluster overlapping with the left lateral
occipital cortex, compared with younger adults.

To determine whether additional regions to the PRC/alERC
may have contributed to novelty discrimination between objects,
we conducted whole-brain analyses for the novel > recombined
(i.e., feature-level novelty) and recombined > repeated (i.e.,
configural-level novelty) contrasts in younger and older adults.
No significant clusters differentiating younger versus older adults
survived in the novel > recombined contrast. For the recombined >
repeated contrast, younger adults showed significant bilateral
clusters of activation in the lateral occipital cortex, middle frontal
gyrus, insular cortex, supramarginal gyrus, and frontal pole
(Fig. 7). Older adults, in comparison, showed significant clusters
of activation for the recombined > repeated contrast in the para-
cingulate gyrus, precuneus, middle temporal gyrus, and angular
gyrus. Finally, we did not find any significant regions of activa-
tion for the parametric effects of gaze fixation behaviors on nov-
elty discrimination.

All whole-brain results were thresholded using clusters deter-
mined by z > 3.1 and a corrected cluster significance threshold of
p < 0.05.

Figure 5. Novelty discrimination at the feature-level and configural-level reflected in PRC (in pink) and alERC (in light blue) activation between age groups (younger, older). A, Feature-level
novelty discrimination (novel> recombined) in the PRC and alERC in younger (left panel) and older (right panel) adults. The bottom panel shows the interpretation of condition differences
(Fig. 1B) reflecting sensitivity to novelty discrimination at the level of features. B, Configural-level novelty discrimination (recombined> repeated) in the PRC and alERC in younger (left panel) and
older (right panel) adults. The bottom panel shows the interpretation of condition differences (Fig. 1B) reflecting sensitivity to novelty discrimination at the level of configural feature arrange-
ments (***p< 0.001; **p< 0.01; *p< 0.05; error bars represent ±SEM).
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Discussion
The present study demonstrates age-related alterations in PRC/
alERC sensitivity to novelty discrimination between conjunctive
objects. Novelty was defined by feature-level (all object features
were novel) and configural-level (features were familiar but

rearranged in novel configurations) changes. As predicted,
PRC activation and patterns of gaze fixation durations in youn-
ger adults were sensitive to feature- and configural-level novelty.
Age-related decline in discrimination sensitivity was pronounced
for configural-level novelty (i.e., distinguishing recombined ver-
sus repeated objects) in the PRC. Our findings also suggest a sup-
porting role of the younger adult alERC for configural-level
novelty. In contrast, older adults showed no evidence for PRC/
alERC sensitivity to feature-level novelty, nor were gaze fixation
durations consistent with novelty discrimination. In older adults,
only PRC activation showed sensitivity to configural-level nov-
elty—albeit to a lesser extent than younger adults. Although no
direct relationship emerged between gaze fixations and MTL
activation, this may reflect the dynamic and distributed nature
of eye movements to conjunctive objects, which are not easily
captured by trial-averaged signals. Altogether, these results sug-
gest that novelty discrimination between complex objects is sup-
ported by the PRC and to a lesser extent the alERC and that aging
affects this sensitivity—especially for configural-level novelty.

Consistent with representational–hierarchical accounts of
object processing that describe the PRC as representing complex
feature conjunctions that compose objects (Saksida and Bussey,
2010; Cowell et al., 2019), the younger adult PRC was sensitive
to all levels of object novelty, showing increased activation in
response to feature- and configural-level changes. Additionally,
in younger adults, the alERC was sensitive to configural-level
novelty, although to a lesser extent than the PRC.
Representations in the PRC/alERC predict perceived visual sim-
ilarity among real-world objects (Ferko et al., 2022); our findings
extend this prior work by demonstrating that such (dis)similarity
may reflect both object features and their configurations. Within
the posterior medial–anterior temporal framework, these MTL
regions are part of a system that supports fine-grained discrimi-
nations by binding object features into integrated representations
(Ranganath and Ritchey, 2012). Configural information may be a
critical component of what is bound within these conjunctive
representations.

Eye-tracking data in younger adults complemented neural
findings: viewing to novel and recombined objects did not

Figure 6. Surface renderings of greater whole-brain activation in younger versus older adults during each novelty condition (repeated, recombined, novel). The top row illustrates lateral
surfaces, the middle row illustrates medial surfaces, and the lowest row illustrates ventral surfaces. Hotter colors reflect clusters of activation in younger adults compared with older adults;
cooler colors reflect clusters of activation in older compared with younger adults. Results are thresholded using clusters determined by z> 3.1 and a corrected cluster significance threshold of p<
0.05. Whole-brain coordinates are reported in Supplemental Materials, Table S1.

Figure 7. Surface renderings of greater whole-brain activation in younger versus older
adults for the recombined> repeated contrast (i.e., configural novelty). The top row illustrates
lateral surfaces, the middle row illustrates ventral surfaces, and the lowest row illustrates
medial surfaces. Hotter colors reflect clusters of activation in younger adults compared
with older adults, cooler colors reflect clusters of activation in older compared with younger
adults. Results are thresholded using clusters determined by z> 3.1 and a corrected cluster
significance threshold of p< 0.05. Whole-brain coordinates are reported in Supplemental
Materials, Table S1.
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differ. Closer inspection of the trial-level time course revealed
that younger adults exhibited longer viewing to repeated objects
compared with novel and recombined objects in their earliest
fixations, as the associated memory was retrieved. This pattern
suggests efficient extraction and evaluation of configural infor-
mation during initial visual exploration (Ryan et al., 2007;
Nahari et al., 2024) and is consistent with evidence thatMTL rep-
resentations of object properties emerge rapidly (Li et al., 2024),
even without widely directing gaze across a visual stimulus.
Although a relationship between gaze fixations and MTL activa-
tion was not found, participants rated recombined objects as less
coherent than repeated objects, suggesting the influence of prior
exposures to feature configurations on an indirect judgment, i.e.,
participants were not instructed to base responses on memory.
Age-related differences in attentional disengagement are unlikely
to account for the present neural and viewing findings as younger
and older adults did not differ in response-time variability to the
coherence ratings. Instead, our results suggest that in younger
adults, the PRC/alERC operate in concert to support the
fine-grained discrimination of feature- and configural-level nov-
elty, alongside adaptive visual exploration that reflects prior
exposure to the configural properties of objects and their compo-
nent features.

In line with previous findings of PRC damage in amnesic
patients [see Graham et al. (2010) and Martin and Barense
(2023) for reviews] and functional decline in aging (Ryan et al.,
2012; Cacciamani et al., 2017), here, PRC activation was mark-
edly reduced for older versus younger adults across novelty con-
ditions. Age-related PRC volume declines were also observed.
PRC activation in older adults did not reliably distinguish
between recombined and novel objects, suggesting diminished
sensitivity to feature-level novelty with aging. Compared with
younger adults, older adults had reduced PRC sensitivity to
configural-level novelty (i.e., recombined > repeated). These
results extend prior findings of age-related reductions in domain-
specific PRC engagement during object mnemonic discrimina-
tion tasks (Berron et al., 2018), to situations in which feature
configurations are manipulated. Also, Cacciamani and colleagues
(2017) reported age-related decline in PRC sensitivity to confi-
gural relationships among features of real-world objects (e.g.,
lamp); we extend that work by linking PRC function across the
lifespan with the rapid formation of configural representations
for previously unseen, nonreal objects.

Age-related differences in alERC activation were observed
across all novelty conditions, with younger adults showing
condition-specific responses. Younger, but not older, adults
showed alERC sensitivity to configural-level novelty (recom-
bined > repeated), which could be related to structural decline
in this relatively small MTL region (Olsen et al., 2017; Yeung
et al., 2017; Gellersen et al., 2023). Prior work has reported rela-
tionships between structural and functional MTL decline in
aging (Persson et al., 2012; Ward et al., 2015). However, here,
PRC and alERC volumes did not predict functional activation;
therefore, volumetric differences alone are unlikely to fully
explain the observed functional sensitivity. Future work remains
to investigate whether other measures of intraindividual struc-
tural decline, such as cortical thickness, predict functional
engagement of these regions during configural processing.

Age-related reductions in novelty discrimination for feature-
and configural-level changes were also evident in eye-tracking
measures. Note that the number of gaze fixations did not differ
between groups; rather, older adults directed fixations to objects
in a similar manner irrespective of prior exposure to features or

their configurations (Heisz and Ryan, 2011), resembling the
viewing behavior of MTL cases (Warren et al., 2011, 2012).
Older adults’ coherence ratings also did not vary between the
novel and recombined conditions, further suggesting diminished
processing of configural features and their arrangements.

Finally, our whole-brain analysis revealed, across all novelty
conditions, greater cluster-wise activation in the early visual cor-
tex for younger adults compared with older adults, consistent
with recent evidence that older adults exhibit greater inhibition
and less engagement of the visual cortex compared with younger
adults (Abuleil et al., 2019; Pfeifer et al., 2019). The early visual
cortex is thought to represent features with low dimensionality,
like simple colors (Hubel, 1982), and is modulated by feedback
signals from PRC (Peterson et al., 2012). Relatively lower activa-
tion in this region among older adults may reflect lower-
resolution representations of early perceptual features. This can
have carry-over effects as representational content increases in
complexity along the VVS; differences between conjunctive
objects presented in varying configurations may have been
more difficult for older adults to detect. Indeed, younger adults
showed greater activation along the VVS for recombined com-
pared with repeated objects, suggesting greater recruitment of
this object processing stream when differentiating between
objects based on configural changes to feature arrangements.
Additionally, regions of the dorsal and ventral attention systems
were engaged, which support visually guided attentional control
(Corbetta and Shulman, 2002) and are well connected with early
visual brain regions (Vossel et al., 2014), thereby allowing flexible
reorientation toward incoming perceptual input. In younger
adults, activation was observed in the right putamen for novel
and recombined objects. Here, the interactions between early
visual regions, oculomotor control regions, and the MTL are
important to consider (Ryan and Shen, 2020). The putamen is
a key region interconnecting memory systems and
visuo-oculomotor systems of the brain (Shen et al., 2016); greater
elicited putamen activation among younger adults could have
been driven by increased coactivation between visuospatial
regions and regions supporting complex object representations
(i.e., MTL).

Compared with younger adults, older adults showed greater
task-related engagement of regions commonly associated with
the default mode network (DMN). Older adults often exhibit
altered DMN modulation, frequently characterized as reduced
task-related suppression and linked to decreased efficiency in
shifting toward externally focused processing (Grady et al.,
2006). This pattern of whole-brain activation was especially evi-
dent in the recombined > repeated contrast, which required draw-
ing on previously seen features (from memory) and identifying
novel arrangements. Older adults may have mistakenly retrieved
memories of object parts rather than recognizing a new conjunc-
tive object. DMN engagement may represent age-related overac-
tivation in response to task demands (Qin and Basak, 2020).
Precuneus activation, a core DMN region (Utevsky et al.,
2014), was notable given previous findings of overactivation in
older adults during visual encoding and retrieval (Rajah et al.,
2015). Here, it may reflect compensatory processing for poorer
MTL object representations, as it has been implicated in prior
work with amnesic cases in which mental representations of dis-
parate elements had to be formed (Ryan et al., 2013).

Reliance on configural processing to disambiguate objects
may be a unique characteristic of animate biological visual sys-
tems (see, e.g., evidence from chimpanzees; Parr et al., 2006).
By integrating fMRI, MTL manual segmentation in subject space
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and concurrent eye-tracking in both younger and older adults,
the current study provides direct functional evidence that the
human PRC/alERC are sensitive to configural object properties
that support novelty discrimination between conjunctive objects.
Taken together, these results reveal important insights into
age-related changes in the PRC/alERC to novelty discrimination
and advance our understanding of configural object processing in
the MTL.

Data Availability
Object stimuli and experimental task demonstration video are
openly available on Open Science Framework (OSF) at https://
osf.io/y8u4g/ (doi: 10.17605/OSF.IO/Y8U4G). Processed data
and analysis scripts associated with the reported results are avail-
able from NLW upon reasonable requests.

References
Abuleil D, McCulloch DL, Thompson B (2019) Older adults exhibit greater

visual cortex inhibition and reduced visual cortex plasticity compared
to younger adults. Front Neurosci 13:607.

Andersson JLR, Jenkinson M, Smith S (2007) Non-linear optimisation:
FMRIB Technical Report TR07JA1. https://www.fmrib.ox.ac.uk/datasets/
techrep/tr07ja1/tr07ja1.pdf

Barense MD, Groen IIA, Lee ACH, Yeung L-K, Brady SM, Gregori M, Kapur
N, Bussey TJ, Saksida LM, Henson RNA (2012) Intact memory for irrel-
evant information impairs perception in amnesia. Neuron 75:157–167.

Bastin C, Delhaye E (2023) Targeting the function of the transentorhinal cor-
tex to identify early cognitive markers of Alzheimer’s disease. Cogn Affect
Behav Neurosci 23:986–996.

Berron D, Neumann K, Maass A, Schütze H, Fliessbach K, Kiven V, Jessen F,
Sauvage M, Kumaran D, Düzel E (2018) Age-related functional changes
in domain-specific medial temporal lobe pathways. Neurobiol Aging 65:
86–97.

Buckley MJ, Booth MCA, Rolls ET, Gaffan D (2001) Selective perceptual
impairments after perirhinal cortex ablation. J Neurosci 21:9824–9836.

Buckner RL, Head D, Parker J, Fotenos AF, Marcus D, Morris JC, Snyder AZ
(2004) A unified approach for morphometric and functional data analysis
in young, old, and demented adults using automated atlas-based head size
normalization: reliability and validation against manual measurement of
total intracranial volume. Neuroimage 23:724–738.

Bussey TJ, Saksida LM (2007) Memory, perception, and the ventral
visual-perirhinal-hippocampal stream: thinking outside of the boxes.
Hippocampus 17:898–908.

Bussey TJ, Saksida LM, Murray EA (2003) Impairments in visual discrimina-
tion after perirhinal cortex lesions: testing “declarative” versus
“perceptual-mnemonic” views of perirhinal cortex function. Eur J
Neurosci 17:649–660.

Cacciamani L,Wager E, PetersonMA, Scalf PE (2017) Age-related changes in
perirhinal cortex sensitivity to configuration and part familiarity and con-
nectivity to visual cortex. Front Aging Neurosci 9:291.

Corbetta M, Shulman GL (2002) Control of goal-directed and stimulus-
driven attention in the brain. Nat Rev Neurosci 3:201–215.

Cowell RA, BarenseMD, Sadil PS (2019) A roadmap for understandingmem-
ory: decomposing cognitive processes into operations and representa-
tions. eNeuro 6:ENEURO.0122-19.2019.

Devlin JT, Price CJ (2007) Perirhinal contributions to human visual percep-
tion. Curr Biol 17:1484–1488.

Erez J, Lee ACH, Barense MD (2013) It does not look odd to me: perceptual
impairments and eye movements in amnesic patients with medial tempo-
ral lobe damage. Neuropsychologia 51:168–180.

Erez J, Cusack R, Kendall W, Barense MD (2016) Conjunctive coding of com-
plex object features. Cereb Cortex 26:2271–2282.

Ferko KM, Blumenthal A, Martin CB, Proklova D, Minos AN, Saksida LM,
Bussey TJ, Khan AR, Köhler S (2022) Activity in perirhinal and entorhinal
cortex predicts perceived visual similarities among category exemplars
with highest precision. Elife 11:e66884.

Gaser C, et al. (2024) CAT: a computational anatomy toolbox for the analysis
of structural MRI data. Gigascience 13:giae049.

Gellersen HM, Trelle AN, Farrar BG, Coughlan G, Korkki SM, Henson RN,
Simons JS (2023) Medial temporal lobe structure, mnemonic and percep-
tual discrimination in healthy older adults and those at risk for mild cog-
nitive impairment. Neurobiol Aging 122:88–106.

Grady CL, SpringerMV, Hongwanishkul D,McIntosh AR,Winocur G (2006)
Age-related changes in brain activity across the adult lifespan. J Cogn
Neurosci 18:227–241.

Graham KS, Barense MD, Lee ACH (2010) Going beyond LTM in theMTL: a
synthesis of neuropsychological and neuroimaging findings on the role of
the medial temporal lobe in memory and perception. Neuropsychologia
48:831–853.

Hanke M, Mathôt S, Ort E, Peitek N, Stadler J, Wagner A (2020) A practical
guide to functional magnetic resonance imaging with simultaneous eye
tracking for cognitive neuroimaging research. In: Spatial learning and
attention guidance (Pollmann S, ed), pp 291–305. New York, NY:
Humana Press.

Hannula D, Althoff R, Warren D, Riggs L, Cohen N, Ryan J (2010) Worth a
glance: using eye movements to investigate the cognitive neuroscience of
memory. Front Hum Neurosci 4:166.

Heisz J, Ryan J (2011) The effects of prior exposure on face processing in
younger and older adults. Front Aging Neurosci 3:15.

Holdstock JS, Hocking J, Notley P, Devlin JT, Price CJ (2009) Integrating
visual and tactile information in the perirhinal cortex. Cereb Cortex 19:
2993–3000.

Hubel DH (1982) Exploration of the primary visual cortex, 1955–78. Nature
299:Article 5883.

Insausti R, Insausti AM, Sobreviela MT, Salinas A, Martínez-Peñuela JM
(1998) Human medial temporal lobe in aging: anatomical basis of mem-
ory preservation. Microsc Res Tech 43:8–15.

Jenkinson M, Bannister P, Brady M, Smith S (2002) Improved optimization
for the robust and accurate linear registration and motion correction of
brain images. Neuroimage 17:825–841.

Jiang L, Robin J, Shing N, Mazloum-Farzaghi N, Ladyka-Wojcik N,
Balakumar N, Anderson ND, Ryan JD, Barense MD, Olsen RK (2024)
Impaired perceptual discrimination of complex objects in older adults
at risk for dementia. Hippocampus 34:197–203.

Kassambara A (2023) rstatix: Pipe-Friendly Framework for Basic Statistical
Tests. R package version 0.7.2. https://rpkgs.datanovia.com/rstatix/

Kivisaari SL, Probst A, Taylor KI (2020) The perirhinal, entorhinal, and para-
hippocampal cortices and hippocampus: an overview of functional anat-
omy and protocol for their segmentation in MR images. In: fMRI: basics
and clinical applications (Ulmer S, Jansen O, eds), pp 355–383. Berlin:
Springer International Publishing.

Knierim JJ, Neunuebel JP, Deshmukh SS (2014) Functional correlates of
the lateral and medial entorhinal cortex: objects, path integration and
local–global reference frames. Philos Trans R Soc Lond B Biol Sci 369:
20130369.

Kulason S, Xu E, Tward DJ, Bakker A, Albert M, Younes L, Miller MI (2020)
Entorhinal and transentorhinal atrophy in preclinical Alzheimer’s dis-
ease. Front Neurosci 14:804.

Kumaran D, Maguire EA (2006) An unexpected sequence of events: mis-
match detection in the human hippocampus. PLoS Biol 4:e424.

Kuznetsova A, Brockhoff PB, Christensen RHB (2017) Lmertest package: tests
in linear mixed effects models. J Stat Softw 82:1–26.

Li X, Morgan PS, Ashburner J, Smith J, Rorden C (2016) The first step for
neuroimaging data analysis: DICOM to NIfTI conversion. J Neurosci
Methods 264:47–56.

Li AY, Ladyka-Wojcik N, Qazilbash H, Golestani A, Walther DB, Martin CB,
Barense MD (2024) Experience transforms crossmodal object representa-
tions in the anterior temporal lobes. Elife 13:e83382.

Maass A, Berron D, Libby LA, Ranganath C, Düzel E (2015) Functional sub-
regions of the human entorhinal cortex. Elife 4:e06426.

Martin CB, Barense MD (2023) Perception and memory in the ventral visual
stream and medial temporal lobe. Annu Rev Vis Sci 9:409–434.

Mishkin M, Ungerleider LG, Macko KA (1983) Object vision and spatial
vision: two cortical pathways. Trends Neurosci 6:414–417.

Nahari T, Eldar E, Pertzov Y (2024) Fixation durations on familiar
items are longer due to attenuation of exploration. Cogn Res Princ
Implic 9:77.

Nasreddine ZS, Phillips NA, Bédirian V, Charbonneau S, Whitehead V,
Collin I, Cummings JL, Chertkow H (2005) The Montreal cognitive
assessment, MoCA: a brief screening tool for mild cognitive impairment.
J Am Geriatr Soc 53:695–699.

12 • J. Neurosci., May 13, 2026 • 46(19):e1462252026 Ladyka-Wojcik et al. • Configural Novelty in the Perirhinal/Entorhinal Cortex

https://osf.io/y8u4g/
https://osf.io/y8u4g/
https://osf.io/y8u4g/
https://www.fmrib.ox.ac.uk/datasets/techrep/tr07ja1/tr07ja1.pdf
https://www.fmrib.ox.ac.uk/datasets/techrep/tr07ja1/tr07ja1.pdf
https://www.fmrib.ox.ac.uk/datasets/techrep/tr07ja1/tr07ja1.pdf
https://rpkgs.datanovia.com/rstatix/
https://rpkgs.datanovia.com/rstatix/


Navarro Schröder T, Haak KV, Zaragoza Jimenez NI, Beckmann CF, Doeller
CF (2015) Functional topography of the human entorhinal cortex. Elife 4:
e06738.

Olsen RK, Palombo DJ, Rabin JS, Levine B, Ryan JD, Rosenbaum RS
(2013) Volumetric analysis of medial temporal lobe subregions in devel-
opmental amnesia using high-resolution magnetic resonance imaging.
Hippocampus 23:855–860.

Olsen RK, Yeung L-K, Noly-GandonA, D’AngeloMC, Kacollja A, Smith VM,
Ryan JD, Barense MD (2017) Human anterolateral entorhinal cortex vol-
umes are associated with cognitive decline in aging prior to clinical diag-
nosis. Neurobiol Aging 57:195–205.

Parr LA, Heintz M, Akamagwuna U (2006) Three studies on configural face
processing by chimpanzees. Brain Cogn 62:30–42.

Persson J, Pudas S, Lind J, Kauppi K, Nilsson L-G, Nyberg L (2012)
Longitudinal structure–function correlates in elderly reveal MTL dys-
function with cognitive decline. Cereb Cortex 22:2297–2304.

PetersonMA, Cacciamani L, BarenseMD, Scalf PE (2012) The perirhinal cor-
tex modulates V2 activity in response to the agreement between part
familiarity and configuration familiarity. Hippocampus 22:1965–1977.

Pfeifer G,Ward J, Sigala N (2019) Reduced visual and frontal cortex activation
during visual working memory in grapheme-color synaesthetes relative to
young and older adults. Front Syst Neurosci 13:29.

Qin S, Basak C (2020) Age-related differences in brain activation during work-
ing memory updating: an fMRI study. Neuropsychologia 138:107335.

Rahhal TA, Hasher L, Colcombe SJ (2001) Instructional manipulations and
age differences in memory: now you see them, now you don’t. Psychol
Aging 16:697–706.

Rajah MN, Maillet D, Grady CL (2015) Episodic memory in healthy older
adults: the role of prefrontal and parietal cortices. In: TheWiley handbook
on the cognitive neuroscience of memory (Addis DR, Barense MD, Duarte
A, eds), pp 347–370. West Sussex, UK: Wiley and Sons.

Ranganath C, Rainer G (2003) Neural mechanisms for detecting and remem-
bering novel events. Nat Rev Neurosci 4:193–202.

Ranganath C, Ritchey M (2012) Two cortical systems for memory-guided
behaviour. Nat Rev Neurosci 13:713–726.

Reagh ZM, Noche JA, Tustison NJ, Delisle D, Murray EA, Yassa MA (2018)
Functional imbalance of anterolateral entorhinal cortex and hippocampal
dentate/CA3 underlies age-related object pattern separation deficits.
Neuron 97:1187–1198.e4.

Roalf DR, Moberg PJ, Xie SX, Wolk DA, Moelter ST, Arnold SE (2013)
Comparative accuracies of two common screening instruments for classi-
fication of Alzheimer’s disease, mild cognitive impairment, and healthy
aging. Alzheimers Dement 9:529–537.

Ryan JD (2012) Reconsidering the use of “explicit” and “implicit” as terms to
describe task requirements. Cogn Neurosci 3:211–212.

Ryan AD, Campbell KL (2021) The ironic effect of older adults’ increased task
motivation: implications for neurocognitive aging. Psychon Bull Rev 28:
1743–1754.

Ryan JD, Shen K (2020) The eyes are a window into memory. Curr Opin
Behav Sci 32:1–6.

Ryan JD, Hannula DE, Cohen NJ (2007) The obligatory effects of memory on
eye movements. Memory 15:508–525.

Ryan L, Cardoza JA, Barense MD, Kawa KH,Wallentin-Flores J, ArnoldWT,
Alexander GE (2012) Age-related impairment in a complex object discri-
mination task that engages perirhinal cortex. Hippocampus 22:1978–
1989.

Ryan JD, Moses SN, Barense M, Rosenbaum RS (2013) Intact learning of new
relations in amnesia as achieved through unitization. J Neurosci 33:9601–
9613.

Ryan JD, Wynn JS, Shen K, Liu Z-X (2021) Aging changes the interactions
between the oculomotor and memory systems. Aging Neuropsychol
Cogn 29:1–25.

Saksida LM, Bussey J (2010) The representational–hierarchical view of
amnesia: translation from animal to human. Neuropsychologia 48:
2370–2384.

Shen K, Bezgin G, Selvam R, McIntosh AR, Ryan JD (2016) An anatomical
interface between memory and oculomotor systems. J Cogn Neurosci
28:1772–1783.

Smith SM (2002) Fast robust automated brain extraction. Hum Brain Mapp
17:143–155.

Taylor KI, Probst A (2008) Anatomic localization of the transentorhinal
region of the perirhinal cortex. Neurobiol Aging 29:1591–1596.

Utevsky AV, Smith DV, Huettel SA (2014) Precuneus Is a functional core of
the default-mode network. J Neurosci 34:932–940.

Vossel S, Geng JJ, Fink GR (2014) Dorsal and ventral attention systems:
distinct neural circuits but collaborative roles. Neuroscientist 20:
150–159.

Ward AM, Mormino EC, Huijbers W, Schultz AP, Hedden T, Sperling RA
(2015) Relationships between default-mode network connectivity, medial
temporal lobe structure, and age-related memory deficits. Neurobiol
Aging 36:265–272.

Warren DE, Duff MC, Tranel D, Cohen NJ (2011) Observing degradation of
visual representations over short intervals when medial temporal lobe is
damaged. J Cogn Neurosci 23:3862–3873.

Warren DE, Duff MC, Jensen U, Tranel D, Cohen NJ (2012) Hiding in plain
view: lesions of the medial temporal lobe impair online representation.
Hippocampus 22:1577–1588.

Whitcher B, Schmid VJ, Thornton A (2011) Working with the DICOM and
NIFTI data standards in R. J Stat Softw 44:1–28.

Whitehead JC, Li L, McQuiggan DA, Gambino SA, Binns MA, Ryan JD
(2018) Portable eyetracking-based assessment of memory decline. J Clin
Exp Neuropsychol 40:904–916.

Woolrich MW, Ripley BD, Brady M, Smith SM (2001) Temporal autocorre-
lation in univariate linear modeling of FMRI data. Neuroimage 14:1370–
1386.

Woolrich MW, Behrens TEJ, Beckmann CF, Jenkinson M, Smith SM (2004)
Multilevel linear modelling for FMRI group analysis using Bayesian infer-
ence. Neuroimage 21:1732–1747.

Xia M, Wang J, He Y (2013) Brainnet viewer: a network visualization tool for
human brain connectomics. PLoS One 8:e68910.

Yeung L-K, Olsen RK, Bild-Enkin HEP, D’Angelo MC, Kacollja A,
McQuiggan DA, Keshabyan A, Ryan JD, Barense MD (2017)
Anterolateral entorhinal cortex volume predicted by altered intra-item
configural processing. J Neurosci 37:5527–5538.

Yushkevich PA, Piven J, Hazlett HC, Smith RG, Ho S, Gee JC, Gerig G (2006)
User-guided 3D active contour segmentation of anatomical structures:
significantly improved efficiency and reliability. Neuroimage 31:1116–
1128.

Yushkevich PA, et al. (2015) Quantitative comparison of 21 protocols for
labeling hippocampal subfields and parahippocampal subregions in in
vivo MRI: towards a harmonized segmentation protocol. Neuroimage
111:526–541.

Ladyka-Wojcik et al. • Configural Novelty in the Perirhinal/Entorhinal Cortex J. Neurosci., May 13, 2026 • 46(19):e1462252026 • 13


	 Introduction
	 Materials and Methods
	Outline placeholder
	 Participants
	 Stimuli and contrasts of interest
	 Procedure
	 Eye-tracking
	 Behavioral data analyses
	 Gaze fixation analyses
	 Coherence rating analysis

	 MRI data acquisition
	 Region-of-interest (ROI) definitions
	 fMRI data preprocessing
	 fMRI analyses
	 First- and second-level fMRI analyses
	 ROI analyses
	 Whole-brain group–level analysis
	 Parametric modulation analyses



	 Results
	 Behavioral results
	 fMRI results
	 Age-related activation differences in PRC/alERC to novelty conditions
	 Feature- versus configural-level novelty PRC versus alERC in younger and older adults
	 Whole-brain analyses reveal additional regions recruited for configural object processing


	 Discussion
	 Data Availability
	 References

