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Abstract: The posterior-to-anterior shift in aging (PASA) effect is seen as a compensatory model that
enables older adults to meet increased cognitive demands to perform comparably as their young
counterparts. However, empirical support for the PASA effect investigating age-related changes in the
inferior frontal gyrus (IFG), hippocampus, and parahippocampus has yet to be established. 33 older
adults and 48 young adults were administered tasks sensitive to novelty and relational processing of
indoor/outdoor scenes in a 3-Tesla MRI scanner. Functional activation and connectivity analyses
were applied to examine the age-related changes on the IFG, hippocampus, and parahippocampus
among low/high-performing older adults and young adults. Significant parahippocampal activation
was generally found in both older (high-performing) and young adults for novelty and relational
processing of scenes. Younger adults had significantly greater IFG and parahippocampal activation
than older adults, and greater parahippocampal activation compared to low-performing older
adults for relational processing—providing partial support for the PASA model. Observations of
significant functional connectivity within the medial temporal lobe and greater negative left IFG-right
hippocampus/parahippocampus functional connectivity for young compared to low-performing
older adults for relational processing also supports the PASA effect partially.

Keywords: posterior-to-anterior-shift in aging; compensatory; episodic processing; scenes; inferior
frontal gyrus; hippocampus; parahippocampus

1. Introduction

Aging is generally associated with poorer memory encoding [1] and retrieval [2]. How-
ever, there are individual differences in this aging effect, and high-functioning older adults
can show comparable memory performance as their young counterparts [3,4]. Clarifying
the mechanism of the aging effect on memory functions and the sources of the individual
differences is important to find an effective intervention to maintain QOL of the older people.

Findings from human neuroimaging studies using positron emission tomography
(PET) and functional MRI (fMRI) showed that when older adults performed episodic encod-
ing and retrieval tasks, their brain activation shows a general pattern of activation decrease
in the posterior part of the brain combined with activation increase in the anterior part of
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the brain [5,6]. Based on this observation, the posterior-to-anterior shift in aging (PASA)
model was proposed [7]. Results from a functional connectivity study also supported
this view [8]. The widely accepted view of the functional role of the PASA effect today is
active compensation [9]. There is empirical evidence that the posterior to anterior shift
was associated with increased cognitive demands [10] and the PASA effect benefitted older
adults in episodic encoding [6].

The conventional PASA model has been focusing on frontal and occipital brain re-
gions. Here, we claim that the PASA model may be extended to the relation between
the hippocampal formation and the frontal regions, particularly the inferior frontal gyrus
(IFG). We found it suggestive of the extended PASA model that an age-related increase
in bilateral IFG activation coupled with a decrease in bilateral hippocampal and parahip-
pocampal activation for novelty processing of the scenes (i.e., experimentally defined as
watching novel pictures minus repeating pictures; see [11]) and relational processing of
the scenes (watching novel pictures minus scrambled pictures) [12–14]. Being motivated
by these findings, we designed a study to test the central hypothesis of whether such
hippocampal-frontal (i.e., temporal-to-frontal) shift in aging should offer any compensatory
effect for the older adults during novelty and relational processing of scenes. We employed
an established paradigm developed to examine the novelty and relational processing
using indoor/outdoor scenes [11,15], a part of which was published elsewhere [15]. In
conducting the analysis, we controlled age-related structural atrophy in the prefrontal
cortex (PFC) [16], hippocampus [14], and parahippocampus [17]. We evaluated whether
age-related changes in the BOLD signals reflect the PASA effect within bilateral IFG, hip-
pocampi, and parahippocampi as regions of interest (ROIs) in comparison between healthy
young and older adults. The older adults were further separated into two subgroups, high
and low performers, to study the compensatory role of the PASA model.

2. Method
2.1. Participants

A total of 102 older and young adults were separately recruited in this study by the
Clinical Brain Lab (CBL) in Singapore and National Center for Geriatrics and Gerontology
(NCGG) in Japan. Twenty-five older adults (12 females, 3 left-handed, mean age = 67.8,
SD = 7.6) with a mean mini-mental state exam (MMSE) [18] score of 28.9 (SD = 1.1, range
26–30) and 25 young adults (12 females, 2 left-handed, mean age = 23.2, SD = 2.2) with a
mean MMSE score of 29.9 (SD = 0.3, range 29–30) were recruited by CBL. Twenty-six older
adults (13 females, 2 left-handed, mean age = 66.7, SD = 3.1) with a mean mini mental status
examination (MMSE) score of 28.3 (SD = 1.9, range 23–30) and 26 young adults (14 females,
1 left-handed and 1 ambidextrous, mean age = 21.7, SD = 1.6) with a mean MMSE score
of 29.2 (SD = 0.9, range 27–30) were recruited by NCGG. The Edinburgh Handedness
Inventory was used to determine participants’ handedness [19]. All participants were
screened to exclude any psychiatric, neurologic, and metabolic conditions (e.g., diabetes
and hypertension). Participants with excess head motion (>2 mm translation, >3 degrees
rotation), poor response accuracy (ACC) (<60% ACC during scan and post-scan), and
low MMSE score (MMSE score ≤ 26) were excluded from the analyses. Both CBL and
NCGG datasets were combined and analyzed for age-related changes in functional acti-
vation, while only the NCGG dataset was analyzed for age-related changes in functional
connectivity for novelty and relational processing of scenes.

The older adults were further categorized into low and high performers based on
their memory performance ACC for novelty and relational processing of scenes. Unlike
Cabeza et al. [3], we did not administer standardized cognitive tests other than MMSE.
Hence, we categorized older adults into older low and older high performers using the
mean ACC of young adults on our task, with a 2 standard deviation (SD) buffer, as the
cut-off in the respective NCGG and CBL datasets. Thus, older adults were considered as
older high performers if their ACC fell within 2 SD from the mean ACC of their young
counterparts, while the older low performers had ACC beyond 2 SD from the mean ACC of
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their young counterparts in the respective datasets. Older high performers had comparable
ACC as young performers, while older low performers showed significantly poorer ACC
than older high and young performers.

In total, 33 older adults (19 females, 3 left-handed, mean age = 66.2, SD = 5.0) with
a mean MMSE score of 29.0 (SD = 0.9, range 27–30), and 48 young adults (26 females,
2 left-handed and 1 ambidextrous, mean age = 22.4, SD = 2.1) with a mean MMSE score of
29.5 (SD = 0.8, range 27–30), were analyzed for age-related changes in functional activation
related to novelty and relational processing of scenes. Among the older adults, there were
9 older low performers (7 females, 2 left-handed, mean age = 69.6, SD = 5.8) with a mean
MMSE score of 28.7 (SD = 1.1, range 27–30) and 24 older high performers (12 females,
1 left-handed, mean age = 64.9, SD = 4.1) with a mean MMSE score of 29.1 (SD = 0.8,
range 28–30). Although the older low performers were significantly older than older high
performers, t(31) = 2.58, p < 0.05; the MMSE score for older low performers and older high
low performers did not differ significantly, t(31) = 1.32, p > 0.05.

For age-related changes in functional connectivity related to novelty and relational
processing of scenes, a total of 17 older adults (10 females, 1 left-handed, mean age = 66.1,
SD = 3.4) with a mean MMSE score of 28.8 (SD = 1.0, range 27–30), and 25 young adults
(14 females, 1 ambidextrous, mean age = 21.7, SD = 1.7) with a mean MMSE score of 29.2
(SD = 0.9, range 27–30), from the NCGG dataset were analyzed. Among the older adults,
there were 6 older low performers (4 females, 1 left-handed, mean age = 67.2, SD = 2.5) with
a mean MMSE score of 28.7 (SD = 1.4, range 27–30) and 11 older high performers (6 females,
0 left-handed, mean age = 65.5, SD = 3.8) with a mean MMSE score of 28.8 (SD = 0.9, range
28–30). These older low performers did not differ significantly in an age when compared to
older high performers, t(15) = 0.92, p > 0.05; and the MMSE score for older low performers
and older high low performers did not differ significantly, t(15) = 0.28, p > 0.05.

Written informed consent, which had been approved by both the ethics committees of
NCGG, Japan, and Nanyang Technological University, Singapore, in accordance with the
Helsinki Declaration, was obtained from all participants.

2.2. Task

The investigation of episodic encoding in terms of stimulus novelty and relational
processing was adapted from Binder et al.’s protocols [11]. These used an indoor/outdoor
scene discrimination task, sensitive to novelty and relational processing. There were
three conditions in this indoor/outdoor scene discrimination task, namely Novel Pictures
condition (N), Repeating Pictures condition (R), and Scrambled Pictures condition (S).
For both Novel Pictures and Repeating Pictures conditions, participants were asked to
discriminate whether each non-scrambled picture was an indoor or outdoor scene. In the
Scrambled Pictures condition, participants were asked to discriminate whether the left and
right halves of each scrambled picture were identical.

Colored digital indoor/outdoor scenes (containing no words or people), re-sized to
600 × 600 pixels, subtended 22.5◦ of horizontal and vertical visual angle with a scanner,
were used for stimulus presentation in the Novel Pictures and Repeating Pictures conditions.
For the Novel Pictures condition, a total of 40 unique pictures (20 indoor and 20 outdoor
scenes) were presented to each participant who had to discriminate whether the picture was
an indoor scene with a button by the index finger or an outdoor scene with another button
by the middle finger. In the Repeating Pictures condition, participants were presented with
two unique pictures (one indoor and one outdoor scene) repeatedly for a total of 20 times.
They pressed a button assigned to either index or middle finger as above to discriminate
the indoor/outdoor scenes.

For the Scrambled Pictures condition, pictures of indoor/outdoor scenes were divided
into halves, defined by a red line that bisected each picture into two equal hemifields. Pictures
of indoor/outdoor scenes were scrambled into pixelated mosaics by re-arranging 20-pixel
square segments. The 600 × 300 pixelated halves of these scrambled indoor/outdoor scenes
were either duplicated to produce scrambled pictures with identical halves or combined with
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another retiling of the same picture of the indoor/outdoor scene to produce scrambled pictures
with non-identical halves. A total of 40 unique scrambled pictures (20 scrambled pictures
with identical halves and 20 scrambled pictures with non-identical halves) were presented to
each participant who had to discriminate whether both halves of the scrambled picture were
identical with a button press by the index finger, or non-identical with the middle finger.

The stimuli presentation for the indoor/outdoor scenes discrimination task was
blocked by condition, in the order of Novel Pictures, followed by Repeating Pictures,
then Scrambled Pictures condition. Each block consisted of eight trials. For each trial, a
stimulus was presented against a black background for 2500 ms, followed by 500 ms of
inter-stimulus interval. Participants had to complete a total of five cycles per run which
lasted for 240 s (see Figure 1). Practice trials were given before the scan to familiarize
participants with the task. Behavioral performance in terms of accuracy rate (ACC) and
reaction time (RT) for the indoor/outdoor scene discrimination task were measured for all
three conditions during the scan.
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Figure 1. Stimulus presentation to each participant was blocked by the condition in the order of
(a) Novel Pictures condition, (b) Repeating Pictures condition, and (c) Scrambled Pictures condition
for 5 cycles. (d) Each block lasted 24 s and one run took 360 s in total.

A post-scan recognition test measuring participants’ ACC on non-scrambled and
scrambled scenes was administered (while participants were still in the scanner) to par-
ticipants in the CBL dataset. This post-scan recognition test consisted of Non-scrambled
Pictures and Scrambled Pictures conditions. For the Non-scrambled Pictures condition,
15 old (presented previously during the scan) and 15 new (not presented previously during
the scan) non-scrambled scenes were presented to each participant who had to recognize
whether they had seen the non-scrambled pictures before during the scan, via button press-
ing. For the Scrambled Pictures condition, 15 old (presented previously during the scan)
and 15 new (not presented previously during the scan) scrambled scenes were presented
to each participant who had to recognize whether they had seen the scrambled pictures
before during the scan, via button pressing. This post-scan recognition test would serve as
a manipulation check that stimulus novelty (novelty encoding) and relational processing
(relational encoding) of scenes were previously elicited by the indoor/outdoor scenes
discrimination task.

As outlined by Binder et al. [11], a subtraction analysis of the Novel Pictures minus
Repeating Pictures (N > R) contrast would resemble novelty processing of scenes, while
the Novel Pictures minus Scrambled Pictures (N > S) contrast would emphasize relational
processing of scenes. Both novelty and relational processing were incidental in nature
as the participants were not explicitly instructed to remember any stimuli; neither were
participants in the CBL dataset informed of a post-scan recognition test.

2.3. Image Acquisition and Preprocesses

Structural and functional scans were acquired using a 3.0-Tesla MRI scanner (MAG-
NETOM Trio, Siemens, Erlangen, Germany) in both centers, as participants underwent
the indoor/outdoor scenes discrimination task. VisuaStimDigital for MRI (Resonance
Technology Inc., CA, United States) was used for the presentation of stimuli.
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Functional imaging acquisition followed a gradient-echo echo-planar sequence for
both datasets: CBL (TE, 30 ms; TR, 3000 ms; FOV, 192 mm; matrix, 64 × 64; slice thickness,
3 mm; axial slices, 39; gap between slices 0.75 mm); NCGG (TE, 24 ms; TR, 2000 ms; FOV,
192 mm; matrix, 64 × 64; slice thickness, 3 mm; axial slices, 39; gap between slices 0.75 mm).
A total of 120 and 180 consecutive image volumes were acquired per scan per participant for
the CBL and NCGG datasets, respectively. Participants’ T1-weighted anatomical reference
image was used for localization purposes functional images were acquired at different sites,
and inter-scanner variability was controlled by submitting the signal-to-fluctuation-noise-
ratios (SFNRs) [20] extracted from each participant as covariates in the group-level imaging
analyses [21].

Preprocessing and functional activation analyses were performed using statistical
parametric mapping [22] in SPM8 (The FIL Methods Group, Wellcome Trust Centre for
Neuroimaging, Institute of Neurology, UCL), with MATLAB 7.9 (The MathWorks, Natick,
MA, USA). For each participant, the T1-weighted anatomical image and functional images
were re-oriented to have the anterior and posterior commissures on the same plane, using
the T1-weighted image as the image template.

Preprocessing of each participant’s functional images followed the DARTEL (i.e.,
Diffeomorphic Anatomical Registration using Exponentiated Lie algebra) pipeline [23], con-
sisting of realignment, slice-timing correction, and structural-to-functional co-registration.
DARTEL was used to improve inter-subject structural-to-functional co-registration [24].
Using the group template and the individual participant’s flow field image created from
DARTEL, each participant’s T1-weighted anatomical image, functional images, and gray
matter probability map were normalized to Montreal Neurological Institute space (MNI;
Montréal, QC, Canada).

The gray matter probability maps generated from DARTEL enabled us to control for
any age-related structural atrophy [25], by submitting them as covariates in the functional
activation analyses. For functional connectivity analyses, intra-cranial brain volumes were
submitted as covariates to control for age-related structural differences.

Functional images were later smoothed with a Gaussian kernel of 8 mm full width at
half maximum (FWHM). To prevent attenuation of SFNR caused by smoothing, a separate
copy of unsmoothed functional images for each participant was saved for SFNR extraction.

2.4. Design for Statistical Tests
2.4.1. Behavioral Data

For behavioral analyses, a 2 (Age: Older, Young) × 3 (Condition: Novel Pictures,
Repeating Pictures, Scrambled Pictures) mixed design analysis of variance (ANOVA)
was conducted on participants’ ACC and RT. In addition, a 3 (Performance: Older Low
Performers, Older High Performers, Young Performers) × 3 (Condition: Novel Pictures,
Repeating Pictures, Scrambled Pictures) ANOVA was conducted on participants’ ACC
and RT. For the CBL dataset, a 2 (Age: Older, Young) × 2 (Condition: Non-scrambled
Pictures, Scrambled Pictures) mixed design ANOVA was conducted on post-scan ACC.
This served as a manipulation check that the incidental encoding in terms of novelty and
relational processing were indeed elicited. The Greenhouse–Geisser correction was used
whenever necessary.

Post-hoc multiple pair-wise comparisons, with Bonferroni correction, were carried out
when a significant interaction or main effect was found, with p < 0.05. As a significant age
effect on ACC was found, participants’ ACCs from the respective conditions were entered
as covariates in the group-level imaging analyses.

2.4.2. Imaging Data

Functional activation analyses. For functional activation analyses, general linear
model analyses were separately conducted for N > R and N > S contrasts using SPM8,
to generate subject-level brain activation maps for novelty and relational processing of
scenes, respectively. The subject-level brain activation maps were subsequently submitted
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for group-level random effects analyses, while controlling for gray matter probability,
SFNRs, and ACCs, in biological parametric mapping (BPM) [26]. The significant level for
cluster-level activation was set at p < 0.05 (FDR-corrected), with cluster size k ≥ 20 voxels.

Functional connectivity analyses. ROI-to-ROI functional connectivity analyses were
conducted using the functional connectivity toolbox (CONN) [27,28]. As the scanning
parameters used for NCGG (TR = 2000 ms) and CBL (TR = 3000 ms) datasets were different,
we could not merge both datasets in CONN. Thus, we selected the NCGG dataset to be
used in CONN for functional connectivity analyses, as the NCGG dataset allowed a less
disproportional splitting of the older adults into low and high performers compared to the
CBL dataset. In the Setup phase, individual subjects’ intracranial brain volume and ACCs
were submitted as second-level covariates for ROI-to-ROI functional connectivity analysis,
with left and right IFG, hippocampus, and parahippocampus as a priori ROIs. Next, in
the Denoising phase, a bandpass filter of 0.0085 to 0.16 Hz was applied. Subject-level
brain activation results were then generated in the First-level Analyses phase with left
and right IFG, hippocampus, and parahippocampus as a priori ROIs. Subsequently, the
subject-level brain activation results were submitted for group-level ROI-to-ROI functional
connectivity analyses, while controlling for intracranial brain volume and ACCs. Group-
level ROI-to-ROI functional connectivity focused on left and right IFG, hippocampus,
and parahippocampus were generated, with N > R and N > S contrasts for novelty and
relational processing of scenes, respectively, at p < 0.05 (FDR-corrected).

Regions of interest. Left and right IFG, hippocampus, and parahippocampus masks
were created using MARINA software [29], and the left–right inversion of the masks were
later corrected using the SPM toolbox, MarsBaR [30]. These left and right IFG, hippocam-
pus, and parahippocampus masks would serve as ROIs in the ROI-to-ROI functional
connectivity analyses for novelty and relational processing of scenes.

3. Results
3.1. Behavioral Data

A 2 (Age: Older, Young) × 3 (Condition: Novel Pictures, Repeating Pictures, Scram-
bled Pictures) ANOVA on ACC revealed significant age × condition interaction effect,
F(2, 79) = 8.04, p < 0.05, η2 = 0.09, and a significant main effect of condition, F(2, 79) = 47.66,
p < 0.05, η2 = 0.38. Post-hoc analyses showed that the older adults on average performed
significantly poorer than young adults for the Scrambled Pictures condition (90.69% vs.
94.50%), p < 0.05. On average, the Scrambled Pictures condition had significantly poorer
performance than Novel Pictures or Repeating Pictures condition for both older (90.39% vs.
97.09%, 90.39% vs. 98.09%, respectively) and young adults (94.50% vs. 97.02%, 94.50% vs.
97.92%, respectively), p < 0.05 (see Figure 2a). Other pairwise comparisons did not reveal
significant differences in ACC.

A similar 2 × 3 ANOVA on RT showed significant age × condition interaction effect,
F(2, 79) = 14.50, p < 0.05, η2 = 0.89, and significant main effects of age and condition,
F(1, 79) = 19.87, p < 0.05, η2 = 0.20 and F(2, 79) = 644.76, p < 0.05, η2 = 0.89, respectively.
Post-hoc analyses showed that older adults on average performed significantly slower than
young adults for the Novel Pictures condition (894.35 ms vs. 778.60 ms), Repeating Pictures
condition (701.82 ms vs. 651.67 ms), and Scrambled Pictures condition (1360.81 ms vs.
1135.64 ms), p < 0.05. The Scrambled Pictures condition, on average, had the slowest perfor-
mance followed by the Novel Pictures condition then the Repeating Pictures condition, for
both older and young adults, p < 0.05 (see Figure 2b).
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Upon separating the older adults into high and low performers, a 3 (Performance:
Older Low Performers, Older High Performers, Young Performers) × 3 (Condition: Novel
Pictures, Repeating Pictures, Scrambled Pictures) ANOVA on ACC revealed significant
performance × condition interaction effect, F(3, 79) = 9.92, p < 0.05, η2 = 0.20, and signif-
icant main effects of performance and condition, F(2, 79) = 17.18, p < 0.05, η2 = 0.31 and
F(2, 79) = 65.29, p < 0.05, η2 = 0.46, respectively. Post-hoc analyses showed that older low
performers on average performed significantly poorer than both older high performers
and young performers for the Repeating Pictures condition (94.44% vs. 99.38%, 94.44%
vs. 97.81%, respectively) and Scrambled Pictures condition (81.05% vs. 93.72%, 81.05%
vs. 94.32%, respectively), p < 0.05 (see Figure 3a). Both older high performers and young
performers did not differ significantly in their performance for all three conditions, p > 0.05.
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Sensors 2023, 23, 4107 8 of 18

A similar 3 × 3 ANOVA on RT demonstrated a significant performance × condition
interaction effect, F(3, 79) = 7.18, p < 0.05, η2 = 0.16, and significant main effects of perfor-
mance and condition, F(2, 79) = 10.62, p < 0.001, η2 = 0.21 and F(2, 79) = 465.01, p < 0.05,
η2 = 0.86, respectively. Post-hoc analyses showed that both older low performers and
older high performers on average performed significantly slower than young adults for the
Novel Pictures condition (942.31 ms vs. 778.60 ms, 876.37 ms vs. 778.60 ms, respectively)
and Scrambled Pictures condition (1400.59 ms vs. 1135.64 ms, 1345.89 ms vs. 1135.64 ms,
respectively), p < 0.05 (see Figure 3b). No significant difference in RT was found in other
pair-wise comparisons across the performance.

A 2 (Age: Older, Young) × 2 (Condition: Non-scrambled Pictures, Scrambled Pictures)
mixed design ANOVA, conducted on post-scan ACC for the CBL dataset, revealed signifi-
cant age × condition interaction effect, F(1, 37) = 4.47, p < 0.05, η2 = 0.11, and significant
main effects of age and condition, F(1, 37) = 6.11, p < 0.05, η2 = 0.14 and F(1, 37) = 140.69,
p < 0.05, η2 = 0.79, respectively. Post-hoc analyses showed that the older adults on average
performed poorer than young adults on post-scan ACC for the Non-scrambled Pictures
condition (72.38% vs. 80.65%), p < 0.05, but not for the Scrambled Pictures condition,
p > 0.05. On average, the Scrambled Pictures condition had poorer performance than the
Non-scrambled Pictures condition for both older (72.38% vs. 56.00%) and young adults
(80.65% vs. 57.17%), p < 0.05 (see Figure 4). It is clear that the Age × ACC interaction is
dominated by the simple effect of Non-scrambled Pictures rather than the Scrambled Pic-
tures between the Older and Young adults, which indicate the task’s sensitivity to separate
the two Age groups according to the scene encoding but not to geometric pattern encoding.
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As a significant age effect of ACC was found, the ACCs measured for all conditions
were submitted as non-imaging covariates during group-level imaging analyses for novelty
processing of scenes.

3.2. Functional Activation Analyses

Novelty processing of scenes. Results of supra-threshold cluster-level activations, at
p < 0.05 (FDR-corrected) with k ≥ 20 for N > R contrast representing novelty processing of
scenes, are shown in Table 1. Participants’ gray matter probability, SFNR value, and ACC
in both Novel Pictures and Repeating Pictures conditions were controlled as covariates
in group-level analyses. Significant cluster-level activations related to novelty processing
of scenes for older adults (n = 33) were observed in the right superior frontal, precentral
and postcentral gyri, left superior temporal, middle temporal, and fusiform gyri, bilateral
parahippocampal gyrus, and right cerebellar tonsil (see Figure 5a). Among the older
adults, only the older high performers (n = 24) showed significant activations in the right
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middle frontal, precentral, postcentral, and superior temporal gyri, left middle temporal
and fusiform gyri, right hippocampus, left parahippocampal gyrus, and right cerebellum
Lobule 8/9 (see Figure 5b). No significant activations were found for older low performers.
In contrast, significant cluster-level activations related to novelty processing of scenes for
young adults (n = 48) were observed in the right middle frontal and fusiform gyri, right
hippocampus, and left parahippocampal gyrus (see Figure 5c). Group-level comparisons
among the different age or performance groups for novelty processing of scenes did not
reveal significant differences in functional activations.

Table 1. Significant cluster-level activations for novelty encoding of scenes (N > R contrast), at p <
0.05 (FDR-corrected) with k ≥ 20.

Brain Region Hemisphere BA Cluster Size

Peak Activation MNI Coordinates

p-Value
(FDR-Corrected) t-Value x y z

Old adults
Superior frontal gyrus R 6 37 <0.01 3.49 21 −6 75
Precentral gyrus R 6 22 <0.01 3.70 63 3 26.25

<0.05 2.38 63 6 15
4 34 <0.05 3.16 45 −9 60

<0.05 2.68 39 −21 67.5
Postcentral gyrus R 1 <0.05 2.41 54 −18 56.25
Superior temporal gyrus L 21 45 <0.01 3.25 −54 −9 −15

22 <0.01 3.24 −63 3 −11.25
Middle temporal gyrus L 21 <0.05 2.86 −60 6 −22.5
Fusiform gyrus L 19 13,263 <0.001 12.51 −27 −60 −7.5
Parahippocampal gyrus L 36 <0.001 11.74 −24 −42 −7.5

R <0.001 10.54 33 −33 −15
Cerebellum (Cbl) Lobule 9 R 106 <0.001 4.83 21 −42 −48.75

Old-High adults
Middle frontal gyrus R 6 23 <0.05 3.28 30 18 63.75

<0.05 2.80 33 27 56.25
Precentral gyrus R 6 104 <0.01 3.78 60 3 26.25

4 <0.01 3.60 69 −9 30
6 <0.01 3.57 66 9 15
4 40 <0.05 3.05 45 −12 60

Postcentral gyrus R 3 <0.05 3.30 36 −24 71.25
<0.05 2.56 48 −24 63.75

Superior temporal gyrus R 22 46 <0.005 4.02 63 0 −11.25
<0.005 3.97 63 9 −11.25

Middle temporal gyrus L 21 77 <0.01 3.72 −63 0 −15
<0.01 3.64 −54 −15 −18.75
<0.05 3.42 −60 6 −22.5

Fusiform gyrus L 19 12,670 <0.001 11.61 −27 −63 −7.5
Hippocampus R <0.001 10.12 33 −30 −15
Parahippocampal gyrus L 36 <0.001 10.03 −24 −42 −7.5
Cbl Lobule 9 R 48 <0.005 3.94 21 −42 −48.75
Cbl Lobule 8 <0.05 2.78 33 −48 −52.5
Cbl Louble 9 <0.05 2.61 15 −54 −45

Young adults
Middle frontal gyrus R 46 38 <0.005 3.32 51 42 15
Fusiform gyrus R 37 23,638 <0.001 16.38 33 −45 −15
Hippocampus R <0.001 15.79 36 −36 −11.25
Parahippocampal gyrus L 36 <0.001 18.01 −30 −42 −7.5

Relational processing of scenes. Results of supra-threshold cluster-level activations, at
p < 0.05 (FDR-corrected) with k ≥ 20 for N > S contrast representing novelty processing of
scenes, are shown in Table 2. Participants’ gray matter probability, SFNR value, and ACC
in both Novel Pictures and Scrambled Pictures conditions were controlled as covariates in
group-level analyses. Significant cluster-level activations related to novelty processing of
scenes for older adults (n = 33) were observed in the left superior frontal gyrus, bilateral
superior temporal gyrus, left middle temporal and angular gyri, right middle temporal
gyrus, bilateral insula, left cingulate gyrus and anterior cingulate, bilateral posterior cingu-
late, left hippocampus, and bilateral parahippocampus gyrus (see Figure 6a). Among the
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older adults, only the older high performers (n = 24) showed significant activations in the
left superior frontal gyrus, bilateral superior temporal gyrus, left middle temporal gyrus,
right inferior temporal gyrus, left angular and superior occipital gyri, bilateral insula, left
cingulate gyrus, bilateral anterior and posterior cingulate, and bilateral parahippocampal
gyri (see Figure 6b). No significant activations were found for older low performers. In
contrast, significant cluster-level activations related to relational processing of scenes for
young adults (n = 48) were observed in the right inferior frontal gyrus, left middle temporal
gyrus, posterior cingulate and parahippocampal gyrus, bilateral cerebellum Crus II, right
cerebellum Crus I, and right cerebellum Lobule 9 (see Figure 6c). BA, Brodmann Area.
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Figure 5. Significant cluster-level activations for novelty processing of scenes (N > R contrast), at p <
0.05 (FDR-corrected) with k ≥ 20, after adjusting for gray matter probability, signal-to-fluctuation-
noise (SFNR), and accuracy (ACC) performance. In the figure, from the left panel: (a) Significant
activation among older adults (n = 33) for novelty processing of scenes (N > R contrast); (b) Significant
activation among older high performers (n = 24) for novelty processing of scenes (N > R contrast); (c)
Significant activation among young adults (n = 48) for novelty processing of scenes (N > R contrast).
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Figure 6. Significant cluster-level activations for relational processing of scenes (N > S contrast), at
p < 0.05 (FDR-corrected) with k ≥ 20, after adjusting for gray matter probability, signal-to-fluctuation-
noise (SFNR), and accuracy (ACC) performance. In the figure, from the top left panel: (a) Significant
activation among older adults (n = 33) for relational processing of scenes (N > S contrast); (b) Sig-
nificant activation among older high performers (n = 24) for relational processing of scenes (N > S
contrast); (c) Significant activation among young adults (n = 48) for relational processing of scenes
(N > S contrast); (d) Significant activation for young versus older adults (n = 81) for relational pro-
cessing of scenes (N > S contrast); (e) Significant activation for young versus older low performers
(n = 57) for relational processing of scenes (N > S contrast).
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Table 2. Significant cluster-level activations for relational encoding of scenes (N > S contrast), at
p < 0.05 (FDR-corrected) with k ≥ 20.

Brain Region Hemisphere BA Cluster Size

Peak Activation MNI Coordinates

p-Value
(FDR-Corrected) t-Value x y z

Old adults
Superior frontal gyrus L 9 563 <0.001 5.66 −12 60 11.25
Superior temporal gyrus R 39 199 <0.001 7.10 57 −57 22.5

L 38 226 <0.001 7.10 −54 −3 −11.25
<0.005 4.71 −45 9 −30

R 22 86 <0.005 4.26 60 3 −11.25
Middle temporal gyrus L 39 302 <0.001 9.06 −42 −72 33.75

21 226 <0.01 3.97 −54 −18 −18.75
Angular gyrus L 39 302 <0.001 9.53 −42 −75 41.25
Middle temporal gyrus R 21 86 <0.005 4.40 51 −9 −18.75
Insula R 13 95 <0.001 5.24 39 −18 18.75

L 27 <0.005 4.22 −36 −24 22.5
Cingulate gyrus L 31 716 <0.001 5.57 3 −60 30
Anterior cingulate L 24 563 <0.001 7.64 0 24 −15

32 <0.001 6.05 0 51 −11.25
Posterior cingulate L 30 716 <0.001 9.85 −9 −54 15

R 23 <0.001 8.00 12 −54 18.75
Hippocampus L 372 <0.001 8.86 −30 −27 −15
Parahippocampal gyrus L 36 372 <0.001 10.45 −27 −42 −7.5

R 325 <0.001 7.74 30 −45 −7.5
35 <0.001 7.14 30 −30 −15
28 <0.001 6.25 21 −12 −18.75

Old-High adults
Superior frontal gyrus L 9 590 <0.001 6.91 −12 60 11.25
Superior temporal gyrus R 39 183 <0.001 8.43 57 −57 22.5

L 38 210 <0.001 6.68 −54 −3 −11.25
<0.005 4.67 −45 9 −30

R 38 93 <0.005 4.72 60 0 −15
Middle temporal gyrus L 39 296 <0.001 8.76 −45 −72 33.75

21 210 <0.005 5.19 −54 −12 −18.75
Inferior temporal gyrus R 20 93 <0.01 4.22 51 −9 −22.5
Angular gyrus L 39 296 <0.001 8.98 −42 −75 41.25
Superior occipital gyrus L 19 296 <0.001 9.73 −42 −81 33.75
Insula R 13 76 <0.005 5.48 39 −18 18.75

L 13 27 <0.01 4.34 −36 −18 18.75
<0.05 4.06 −42 −12 15

Cingulate gyrus L 31 642 <0.005 5.62 3 −60 30
Anterior cingulate L 32 590 <0.001 7.12 −9 48 −3.75

<0.001 6.90 −3 51 −11.25
R 24 25 <0.01 4.36 3 27 11.25

Posterior cingulate L 23 642 <0.001 9.37 −9 −57 18.75
R 23 642 <0.001 7.77 12 −54 18.75

Parahippocampal gyrus L 36 337 <0.001 8.75 −27 −42 −7.5
<0.001 7.66 −30 −30 −18.75
<0.001 6.44 −24 −12 −22.5

R 36 294 <0.001 6.92 27 −45 −7.5
35 <0.001 6.11 30 −30 −15
28 <0.005 5.35 21 −12 −18.75

Young adults
Inferior frontal gyrus R 47 30 <0.001 5.05 33 33 −11.25
Middle temporal gyrus L 39 13,094 <0.001 16.56 −45 −72 30
Posterior cingulate L 30 13,094 <0.001 16.82 −12 −54 15
Parahippocampal gyrus L 36 13,094 <0.001 17.72 −30 −42 −11.25
Cbl Crus I R 237 <0.001 7.70 45 −75 −37.5
Cbl Crus II L 54 <0.001 4.50 −12 −90 −37.5

R 237 <0.001 7.58 18 −90 −33.75
Cbl Crus I <0.001 6.76 33 −90 −33.75
Cbl Crus II L 54 <0.001 4.74 −27 −90 −33.75
Cbl Lobule 9 R 37 <0.005 3.77 6 −51 −45

<0.005 3.63 3 −57 −52.5
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Table 2. Cont.

Brain Region Hemisphere BA Cluster Size

Peak Activation MNI Coordinates

p-Value
(FDR-Corrected) t-Value x y z

Young > Old adults
Superior frontal gyrus L 6 125 <0.05 3.90 −24 21 56.25

R 6 38 <0.05 3.47 12 18 56.25
<0.05 3.30 21 21 48.75

10 29 <0.05 3.47 33 57 3.75
Middle frontal gyrus L 6 125 <0.05 3.56 −27 12 45

R 8 38 <0.05 3.54 27 30 41.25
Inferior frontal gyrus L 45 33 <0.05 4.64 −60 21 0
Medial frontal gyrus L 8 125 <0.05 4.97 −9 27 45

R 6 360 <0.05 4.73 6 −18 63.75
<0.05 4.06 6 −12 52.5

Precentral gyrus L 6 360 <0.05 4.30 −15 −12 63.75
Inferior parietal lobule R 40 50 <0.05 4.21 57 −45 45
Precuneus L 7 229 <0.05 4.42 −9 −60 45

<0.05 4.05 −6 −72 48.75
R 39 58 <0.05 3.74 45 −69 41.25

Superior temporal gyrus R 13 22 <0.05 3.70 51 −48 18.75
Middle temporal gyrus L 39 30 <0.05 4.26 −48 −78 15

R 39 58 <0.05 3.96 48 −75 33.75
21 60 <0.05 3.92 69 −42 0
22 <0.05 3.83 57 −45 0
21 <0.05 3.12 69 −48 11.25

Cuneus R 19 229 <0.05 4.36 21 −81 41.25
L 18 22 <0.05 3.54 −12 −84 33.75

Lingual gyrus L 18 58 <0.05 4.75 −27 −99 0
R 18 25 <0.05 3.23 18 −90 −11.25

Cingulate gyrus L 31 22 <0.05 4.20 −24 −42 26.25
Anterior cingulate R 32 143 <0.05 5.05 12 51 −11.25

<0.05 4.93 18 39 0
<0.05 4.83 15 42 −7.5

Posterior cingulate L 30 35 <0.05 3.96 −24 −57 15
<0.05 3.54 −6 −66 18.75

Parahippocampal gyrus R 36 31 <0.05 4.13 30 −33 −15
30 33 <0.05 4.06 24 −45 11.25

<0.05 3.22 18 −42 0
L 30 48 <0.05 3.66 −18 −42 −7.5

<0.05 3.55 −15 −42 0
R 21 <0.05 3.52 33 −15 −22.5

Fusiform gyrus L 48 <0.05 3.78 −21 −42 −15
Cbl Crus I R 25 <0.05 3.34 21 −87 −18.75
Cbl Lobule 7b R 180 <0.05 3.95 30 −75 −48.75
Cbl Crus II L 86 <0.05 3.67 −30 −75 −45

<0.05 3.61 −39 −72 −37.5
<0.05 3.57 −27 −87 −37.5

Cbl Lobule 8 R 180 <0.05 4.53 36 −54 −52.5
Cbl Crus I <0.05 4.33 39 −63 −41.25
Cbl Lobule 9 33 <0.05 4.00 6 −60 −52.5

Young > Old-Low adults
Parahippocampal gyrus L 36 25 <0.05 5.32 −30 −24 −26.25

R 35 49 <0.05 4.62 30 −30 −18.75
36 <0.05 4.42 36 −27 −26.25

<0.05 4.34 36 −24 −18.75

Age-related differences in functional activation have also been found for the relational
processing of scenes. Young adults versus older adults (n = 81) revealed significantly
greater activations in the bilateral superior frontal and middle frontal gyri, left inferior
frontal gyrus, bilateral medial frontal gyrus, left precentral gyrus, right inferior parietal
lobule, bilateral precuneus, right superior temporal gyrus, bilateral middle temporal gyrus,
cuneus, and lingual gyrus, left cingulate gyrus, right anterior cingulate, left posterior
cingulate, bilateral parahippocampal gyrus, left fusiform gyrus, right cerebellum Crus I,
right cerebellum Lobule 7b, left cerebellum Crus II, right cerebellum Lobule CrusI/8/9 (see
Figure 6d). In particular, when compared against older low performers (n = 57), young
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performers showed significantly greater activations in the bilateral parahippocampal gyrus
(see Figure 6e). BA, Brodmann Area.

3.3. Functional Connectivity Analyses

Novelty processing of scenes. ROI-to-ROI functional connectivity analyses were con-
ducted with a priori ROIs, namely left and right IFG, hippocampus, and parahippocampus,
at p < 0.05 (FDR-corrected), for N > R contrast representing novelty processing of scenes.
Participants’ intracranial brain volume and ACC in both Novel Pictures and Repeating
Pictures conditions were controlled as covariates in group-level analyses. However, no
significant functional connectivity was found among these ROIs.

Relational processing of scenes. ROI-to-ROI functional connectivity analyses were
conducted with a priori ROIs, namely left and right IFG, hippocampus, and parahippocam-
pus at p < 0.05 (FDR-corrected) for N > S contrast representing relational processing of
scenes. Results are shown in Table 3. Participants’ intracranial brain volume and ACC in
both Novel Pictures and Scrambled Pictures conditions were controlled as covariates in
group-level analyses. Significant positive left parahippocampus–right parahippocampus
functional connectivity was found for older low performers (n = 6) (see Figure 7a). In
contrast, young performers (n = 25) revealed significant positive left hippocampus–right
hippocampus functional connectivity (see Figure 7b). In terms of group comparisons,
marginal significance was found between young and older low performers for the rela-
tional processing of scenes. In particular, young performers demonstrated greater negative
left IFG–right hippocampus and left IFG–right parahippocampus functional connectivity
than older low performers (see Figure 7c). It is noteworthy that the age-related increase,
not decrease, of the functional connectivity was found in the low-performing older adults,
a pattern predicted by the PASA model.
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Table 3. Significant ROI-to-ROI functional connectivity for relational encoding of scenes (N > S contrast),
at p < 0.05 (FDR-corrected).

ROI-ROI β p-Value (FDR-Corrected) t-Value

Old-Low adults
Left parahippocampus–Right parahippocampus 0.12 <0.05 5.83

Young adults
Left hippocampus–Right hippocampus 0.12 <0.05 2.92

Young > Old-Low adults
Left IFG–Right hippocampus −0.15 0.06 −2.05
Left IFG–Right parahippocampus −0.23 0.06 −2.20

4. Discussion

We predicted that the PASA model may be extended to the relation between the
hippocampal formation and the frontal regions, particularly the inferior frontal gyrus
(IFG). Our prediction was partially supported by the results from the present study: In
the relational processing, age-related changes in activations and functional connectivity
between IFG (i.e., top-down modulation) and hippocampal/parahippocampal structures
(i.e., bottom-up processing) were identified to be performance-related for the old adults
(see Young > Old-Low adults in Tables 2 and 3). The detail will be discussed below.

4.1. The Extended PASA Model between IFG and Hippocampus/Parahippocampus

During the relational task, the low-performing older adults showed less parahippocampal
activations but more functional connectivity between the hippocampal/parahippocampal and
IFG compared with the young adults. These differences were not found when comparing the
high-performing older adults with the young adults. We conclude that the parahippocampal
modulation found in the low-performing older adults is in line with the posterior aspect of
the PASA model, namely the decrease in activations in the aging brain. We also conjecture this
parahippocampal alteration in low-performing older adults may be interpreted in relation
to compensation because positive prefrontal-hippocampus functional connectivity is usually
associated with better memory performance [31]. However, it does not seem to provide
convincing support for the compensation view. We will revisit this problem later.

Some of the past literature has shown activations in the IFG, hippocampus, and
parahippocampus were found for both older and young adults during novelty and rela-
tional processing of scenes [11,13,14,32]. Our results are consistent with these findings.
Furthermore, the intact parahippocampal activation in high-performing older adults and
the lack of it in low-performing older adults in our results validated the view that the
parahippocampus subserves the encoding process [13,33] as well as the associative process-
ing [34] of scenes.

4.2. The Frontal Aspect of the PASA Model Was Not Replicated

In the current study, we did not observe the activation increase in the IFG in the older
adults compared with the young adults, although this aging-related increase in the anterior
brain is predicted as a part of the PASA effect. Even after separating the older adults into
high- and low-performance subgroups, the predicted age-related increase was not found.
Thus, our results did not replicate the previous studies [12–14,35].

We observed that young but not older adults showed significant activation in the IFG
during the relational processing task. The role of IFG, an area in the PFC, during this task,
is to maintain the encoded information in a top-down manner [36]. The IFG activation
observed in our study may suggest that the young adults could maintain the encoded
information better than the older adults. This is consistent with the fact that functional
connectivity between PFC and MTL is required for successful memory encoding [36–39].
One possible explanation for not observing the expected activation increase in IFG in the
older adults is that the task design for the encoding process did not work as intended. The
detail of this interpretation will be discussed in the Limitation section. Another possibility
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is that the anterior aspect of the PASA model is less robust than the posterior aspect of the
PASA model.

4.3. Compensation vs. Dedifferentiation

Although the current consensus of the field gravitates toward the compensation
view when interpreting the functional role of the PASA model [9], the alternative view is
that the age-related increase in brain activation is due to a loss of functional specificities.
This concept is called de-differentiation, which is conceptually the reversal process of
functional differentiation that occurs during the developmental period [40]. According
to this view, the PASA model is a representation of functional degrading that does not
necessarily have a compensatory effect. The results from the current study cannot provide
direct evidence to support either view because the group difference between high- and
low-performing older adults did not show significant differences. The increase of the
prefrontal-hippocampus functional connectivity found in the low-performing older adults
may be interpreted as a trace of the compensation because usually it is associated with
better memory performance [31], but from the behavioral results it is no longer helping. To
summarize, the current study did not yield convincing evidence that supports either the
compensation view or the differentiation view.

4.4. Cerebellar Participation

We observed cerebellum activation in both novelty and relational processing. This is
consistent with past studies showing cerebellar involvement in episodic encoding [41–44].
We found right inferior cerebellar activity only in older adults and not young adults for
novelty processing. In contrast, greater bilateral superior and right inferior cerebellum acti-
vation was observed in young adults for relational processing. It has been suggested that
the right superior cerebellum is associated with encoding success for semantic information
of relational processing and the bilateral superior cerebellum with non-semantic informa-
tion of letters [43]. Specifically, right Crus 1 was found to be associated with the retrieval of
episodic memory [41]. Our findings provided further evidence for the involvement of the
cerebellum in episodic memory.

4.5. Other Thoughts on the Analysis Method

We demonstrated in this study that task performance during fMRI can adequately
separate the older adults into low and high performers. Conventionally, this separation
would require separate standardized cognitive tests. Our approach ensures that we examine
the actual difference directly related to the task without relying on the assumption that
individuals who scored better on cognitive tests should perform better during the fMRI
task. The current approach offers an opportunity for the experimenters of past studies to
further examine their findings based on participants’ fMRI task performance.

4.6. Limitations and Future Directions

The older adults in the CBL dataset showed more difficulty in recognizing non-
scrambled novel scenes during the post-scan recognition test. This suggests they were less
engaged during the novelty-related processing when recognizing indoor/outdoor scenes
inside the MRI scanner. The lack of the expected results may be related to poor engagement
during the task. When we interpret the results from the current study, this limitation should
be kept in mind.

We did not control for the number of low- and high-performing older adults when
separating them into the two subgroups. As a result, we had more high performers
than low performers, which may have reduced the statistical power to detect the group
difference. Furthermore, this subgrouping is inherently affected by age [45]. In this study,
low-performing older adults were older than the high-performing older adults. However,
no significant difference in the MMSE score was found between low and high-performing
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older adults, justifying that both performance groups are within normal cognitive limits.
Hence neither age nor MMSE score were submitted as covariates in our analyses.

We did not delineate the hippocampus into its anterior and posterior regions. Studies
by Ta et al. [11,14] have shown functional specialization within the hippocampus, with the
anterior hippocampus responsible for the relational processing of scenes and the posterior
hippocampus as the neural correlate for the novelty processing of scenes. Age-related
vulnerability to structural atrophy and activation was also demonstrated, with the anterior
hippocampus found to be more prone to age-related changes [14]. It remains unclear how
the anterior-posterior hippocampal difference may interact with the current results.

Finally, for future studies, it would be worthwhile to examine if the PASA model and
compensatory view of age-related changes in functional activation and connectivity are
supported for encoding other types of stimuli, such as words, faces, or abstract patterns.

5. Conclusions

The present study provided partial support for the PASA model for scene encoding.
In the relational processing, age-related changes in activations and functional connectivity
between IFG (i.e., top-down modulation) and hippocampal/parahippocampal structures
(i.e., bottom-up processing) were identified to be performance-related for the old adults.
However, the expected activation increase in IFG in older adults was not observed. Thus,
the posterior aspect of the PASA model was supported, but the anterior aspect of it was not
directly supported by the BOLD signal increase but instead indicated by the increase of
parahippocampal-IFG functional connectivity. The current study did not provide direct
support for the compensatory view of the PASA model.

Author Contributions: M.M. developed the task stimuli, collected the data at NCGG, and wrote the
revised manuscript. J.A.A. advised on data analyses and the initial write-up of the draft. C.-Y.W.
advised on the data analysis and conducted the data collection at CBL. T.N. supervised the research
at NCGG and was involved in reviewing the manuscript. S.-H.A.C. conceptualized, supervised the
overall research, and was involved in reviewing and editing the manuscript drafts. All authors have
read and agreed to the published version of the manuscript.

Funding: This research is supported by the Ministry of Education, MOE2019-T2-1-019 (S), Singapore
and Japan Society for the Promotion of Science (JSPS) under Grants-in-Aid for Scientific Research
[KAKENHI #15H03104 and 19H04025].

Institutional Review Board Statement: The study was conducted in accordance with the Declara-
tion of Helsinki, and approved by the ethics committees of the National Center for Geriatrics and
Gerontology, Japan, and Nanyang Technological University, Singapore.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data is available upon request from the authors.

Acknowledgments: We would like to acknowledge Dayton Leow for contributing to the data analysis
and writing the initial draft of the manuscript as part of his final year project, and the support
from Nanyang Technological University under the Undergraduate Research Experience on Campus
(URECA) program.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

References
1. Cabeza, R.; Grady, C.L.; Nyberg, L.; McIntosh, A.R.; Tulving, E.; Kapur, S.; Jennings, J.M.; Houle, S.; Craik, F.I. Age-related

differences in neural activity during memory encoding and retrieval: A positron emission tomography study. J. Neurosci. 1997, 17,
391–400. [CrossRef] [PubMed]

2. Madden, D.J.; Turkington, T.G.; Provenzale, J.M.; Denny, L.L.; Hawk, T.C.; Gottlob, L.R.; Coleman, R.E. Adult age differences in
the functional neuroanatomy of verbal recognition memory. Hum. Brain Mapp. 1999, 7, 115–135. [CrossRef]

3. Cabeza, R.; Anderson, N.D.; Locantore, J.K.; McIntosh, A.R. Aging gracefully: Compensatory brain activity in high-performing
older adults. Neuroimage 2002, 17, 1394–1402. [CrossRef] [PubMed]

https://doi.org/10.1523/JNEUROSCI.17-01-00391.1997
https://www.ncbi.nlm.nih.gov/pubmed/8987764
https://doi.org/10.1002/(SICI)1097-0193(1999)7:2&lt;115::AID-HBM5&gt;3.0.CO;2-N
https://doi.org/10.1006/nimg.2002.1280
https://www.ncbi.nlm.nih.gov/pubmed/12414279


Sensors 2023, 23, 4107 17 of 18

4. Manenti, R.; Cotelli, M.; Miniussi, C. Successful physiological aging and episodic memory: A brain stimulation study. Behav.
Brain Res. 2011, 216, 153–158. [CrossRef] [PubMed]

5. Daselaar, S.M.; Fleck, M.S.; Dobbins, I.G.; Madden, D.J.; Cabeza, R. Effects of healthy aging on hippocampal and rhinal memory
functions: An event-related fMRI study. Cereb. Cortex 2006, 16, 1771–1782. [CrossRef]

6. Grady, C.L.; Maisog, J.M.; Horwitz, B.; Ungerleider, L.G.; Mentis, M.J.; Salerno, J.A.; Pietrini, P.; Wagner, E.; Haxby, J.V. Age-related
changes in cortical blood flow activation during visual processing of faces and location. J. Neurosci. 1994, 14, 1450–1462. [CrossRef]

7. Davis, S.W.; Dennis, N.A.; Daselaar, S.M.; Fleck, M.S.; Cabeza, R. Que PASA? The posterior-anterior shift in aging. Cereb. Cortex
2008, 18, 1201–1209. [CrossRef]

8. Sala-Llonch, R.; Junqué, C.; Arenaza-Urquijo, E.M.; Vidal-Piñeiro, D.; Valls-Pedret, C.; Palacios, E.M.; Domènech, S.; Salvà, A.;
Bargalló, N.; Bartrés-Faz, D. Changes in whole-brain functional networks and memory performance in aging. Neurobiol. Aging
2014, 35, 2193–2202. [CrossRef]

9. Myrum, C. Is PASA passé?: Rethinking compensatory mechanisms in cognitive aging. J. Neurosci. 2019, 39, 786–787. [CrossRef]
10. Phillips, L.H.; Andrés, P. The cognitive neuroscience of aging: New findings on compensation and connectivity. Cortex 2010, 46,

421–424. [CrossRef]
11. Binder, J.R.; Bellgowan, P.S.F.; Hammeke, T.A.; Possing, E.T.; Frost, J.A. A comparison of two FMRI protocols for eliciting

hippocampal activation. Epilepsia 2005, 46, 1061–1070. [CrossRef] [PubMed]
12. Brewer, J.B.; Zhao, Z.; Desmond, J.E.; Glover, G.H.; Gabrieli, J.D. Making memories: Brain activity that predicts how well visual

experience will be remembered. Science 1998, 281, 1185–1187. [CrossRef]
13. Gutchess, A.H.; Welsh, R.C.; Hedden, T.; Bangert, A.; Minear, M.; Liu, L.L.; Park, D.C. Aging and the neural correlates of

successful picture encoding: Frontal activations compensate for decreased medial-temporal activity. J. Cogn. Neurosci. 2005, 17,
84–96. [CrossRef] [PubMed]

14. Ta, A.T.; Huang, S.-E.; Chiu, M.-J.; Hua, M.-S.; Tseng, W.-Y.I.; Chen, S.-H.A.; Qiu, A. Age-related vulnerabilities along the
hippocampal longitudinal axis. Hum. Brain Mapp. 2012, 33, 2415–2427. [CrossRef] [PubMed]

15. Miyakoshi, M.; Chen, S.-H.A.; Matsuo, K.; Wu, C.-Y.; Suzuki, A.; Nakai, T. Extensive stimulus repetition leads older adults to
show delayed functional magnetic resonance imaging adaptation. Brain Imaging Behav. 2012, 6, 357–365. [CrossRef] [PubMed]

16. Raz, N.; Gunning-Dixon, F.M.; Head, D.; Dupuis, J.H.; Acker, J.D. Neuroanatomical correlates of cognitive aging: Evidence from
structural magnetic resonance imaging. Neuropsychology 1998, 12, 95–114. [CrossRef]

17. Echávarri, C.; Aalten, P.; Uylings, H.B.M.; Jacobs, H.I.L.; Visser, P.J.; Gronenschild, E.H.B.M.; Verhey, F.R.J.; Burgmans, S. Atrophy
in the parahippocampal gyrus as an early biomarker of Alzheimer’s disease. Brain Struct. Funct. 2011, 215, 265–271. [CrossRef]
[PubMed]

18. Folstein, M.F.; Folstein, S.E.; McHugh, P.R. Mini-mental state”. A practical method for grading the cognitive state of patients for
the clinician. J. Psychiatr. Res. 1975, 12, 189–198. [CrossRef]

19. Oldfield, R.C. The assessment and analysis of handedness: The Edinburgh inventory. Neuropsychologia 1971, 9, 97–113. [CrossRef]
20. Friedman, L.; Glover, G.H.; Fbirn Consortium. Reducing interscanner variability of activation in a multicenter fMRI study:

Controlling for signal-to-fluctuation-noise-ratio (SFNR) differences. Neuroimage 2006, 33, 471–481. [CrossRef]
21. Giannelli, M.; Diciotti, S.; Tessa, C.; Mascalchi, M. Effect of echo spacing and readout bandwidth on basic performances of

EPI-fMRI acquisition sequences implemented on two 1.5 T MR scanner systems. Med. Phys. 2010, 37, 303–310. [CrossRef]
[PubMed]

22. Friston, K.J.; Holmes, A.P.; Worsley, K.J.; Poline, J.P.; Frith, C.D.; Frackowiak, R.S.J. Statistical parametric maps in functional
imaging: A general linear approach. Hum. Brain Mapp. 1994, 2, 189–210. [CrossRef]

23. Ashburner, J. A fast diffeomorphic image registration algorithm. Neuroimage 2007, 38, 95–113. [CrossRef] [PubMed]
24. Bergouignan, L.; Chupin, M.; Czechowska, Y.; Kinkingnéhun, S.; Lemogne, C.; Le Bastard, G.; Lepage, M.; Garnero, L.; Colliot,

O.; Fossati, P. Can voxel based morphometry, manual segmentation and automated segmentation equally detect hippocampal
volume differences in acute depression? Neuroimage 2009, 45, 29–37. [CrossRef]

25. Peelle, J.E.; Cusack, R.; Henson, R.N.A. Adjusting for global effects in voxel-based morphometry: Gray matter decline in normal
aging. Neuroimage 2012, 60, 1503–1516. [CrossRef]

26. Casanova, R.; Srikanth, R.; Baer, A.; Laurienti, P.J.; Burdette, J.H.; Hayasaka, S.; Flowers, L.; Wood, F.; Maldjian, J.A. Biological
parametric mapping: A statistical toolbox for multimodality brain image analysis. Neuroimage 2007, 34, 137–143. [CrossRef]

27. Chai, X.J.; Castañón, A.N.; Ongür, D.; Whitfield-Gabrieli, S. Anticorrelations in resting state networks without global signal
regression. Neuroimage 2012, 59, 1420–1428. [CrossRef]

28. Whitfield-Gabrieli, S.; Nieto-Castanon, A. Conn: A functional connectivity toolbox for correlated and anticorrelated brain
networks. Brain Connect. 2012, 2, 125–141. [CrossRef]

29. Walter, B.; Blecker, C.; Kirsch, P.; Sammer, G.; Schienle, A.; Stark, R. MARINA: An Easy to use Tool for the Creationof MAsks for
Region of Interest Analyses. 2003. Available online: https://www.researchgate.net/publication/286632632_MARINA_An_easy_
to_use_tool_for_the_creation_of_MAsks_for_Region_of_INterest_Analyses (accessed on 3 March 2023).

30. Brett, M.; Anton, J.L.; Valabrgue, R.; Poline, J.B. Region of Interest Analysis Using an SPM Toolbox. In Proceedings of the 8th
International Conference on Functional Mapping of the Human Brain., Sendai, Japan, 2–6 June 2002; Volume 16. [CrossRef]

31. Grady, C.L.; McIntosh, A.R.; Craik, F.I.M. Age-related differences in the functional connectivity of the hippocampus during
memory encoding. Hippocampus 2003, 13, 572–586. [CrossRef]

https://doi.org/10.1016/j.bbr.2010.07.027
https://www.ncbi.nlm.nih.gov/pubmed/20667492
https://doi.org/10.1093/cercor/bhj112
https://doi.org/10.1523/JNEUROSCI.14-03-01450.1994
https://doi.org/10.1093/cercor/bhm155
https://doi.org/10.1016/j.neurobiolaging.2014.04.007
https://doi.org/10.1523/JNEUROSCI.2348-18.2018
https://doi.org/10.1016/j.cortex.2010.01.005
https://doi.org/10.1111/j.1528-1167.2005.62004.x
https://www.ncbi.nlm.nih.gov/pubmed/16026558
https://doi.org/10.1126/science.281.5380.1185
https://doi.org/10.1162/0898929052880048
https://www.ncbi.nlm.nih.gov/pubmed/15701241
https://doi.org/10.1002/hbm.21364
https://www.ncbi.nlm.nih.gov/pubmed/21898676
https://doi.org/10.1007/s11682-012-9148-5
https://www.ncbi.nlm.nih.gov/pubmed/22274135
https://doi.org/10.1037/0894-4105.12.1.95
https://doi.org/10.1007/s00429-010-0283-8
https://www.ncbi.nlm.nih.gov/pubmed/20957494
https://doi.org/10.1016/0022-3956(75)90026-6
https://doi.org/10.1016/0028-3932(71)90067-4
https://doi.org/10.1016/j.neuroimage.2006.07.012
https://doi.org/10.1118/1.3271130
https://www.ncbi.nlm.nih.gov/pubmed/20175493
https://doi.org/10.1002/hbm.460020402
https://doi.org/10.1016/j.neuroimage.2007.07.007
https://www.ncbi.nlm.nih.gov/pubmed/17761438
https://doi.org/10.1016/j.neuroimage.2008.11.006
https://doi.org/10.1016/j.neuroimage.2011.12.086
https://doi.org/10.1016/j.neuroimage.2006.09.011
https://doi.org/10.1016/j.neuroimage.2011.08.048
https://doi.org/10.1089/brain.2012.0073
https://www.researchgate.net/publication/286632632_MARINA_An_easy_to_use_tool_for_the_creation_of_MAsks_for_Region_of_INterest_Analyses
https://www.researchgate.net/publication/286632632_MARINA_An_easy_to_use_tool_for_the_creation_of_MAsks_for_Region_of_INterest_Analyses
https://doi.org/10.1016/S1053-8119(02)90013-3
https://doi.org/10.1002/hipo.10114


Sensors 2023, 23, 4107 18 of 18

32. Tang, L.; Pruitt, P.J.; Yu, Q.; Homayouni, R.; Daugherty, A.M.; Damoiseaux, J.S.; Ofen, N. Differential functional connectivity in
anterior and posterior hippocampus supporting the development of memory formation. Front. Hum. Neurosci. 2020, 14, 204.
[CrossRef]

33. Chai, X.J.; Ofen, N.; Jacobs, L.F.; Gabrieli, J.D.E. Scene complexity: Influence on perception, memory, and development in the
medial temporal lobe. Front. Hum. Neurosci. 2010, 4, 21. [CrossRef] [PubMed]

34. Bar, M. The proactive brain: Using analogies and associations to generate predictions. Trends Cogn. Sci. Regul. Ed. 2007, 11,
280–289. [CrossRef] [PubMed]

35. Leshikar, E.D.; Gutchess, A.H.; Hebrank, A.C.; Sutton, B.P.; Park, D.C. The impact of increased relational encoding demands on
frontal and hippocampal function in older adults. Cortex 2010, 46, 507–521. [CrossRef] [PubMed]

36. Simons, J.S.; Koutstaal, W.; Prince, S.; Wagner, A.D.; Schacter, D.L. Neural mechanisms of visual object priming: Evidence for
perceptual and semantic distinctions in fusiform cortex. Neuroimage 2003, 19, 613–626. [CrossRef] [PubMed]

37. Kirchhoff, B.A.; Wagner, A.D.; Maril, A.; Stern, C.E. Prefrontal-temporal circuitry for episodic encoding and subsequent memory.
J. Neurosci. 2000, 20, 6173–6180. [CrossRef]

38. Schacter, D.L.; Wagner, A.D. Medial temporal lobe activations in fMRI and PET studies of episodic encoding and retrieval.
Hippocampus 1999, 9, 7–24. [CrossRef]

39. Buckner, R.L.; Kelley, W.M.; Petersen, S.E. Frontal cortex contributes to human memory formation. Nat. Neurosci. 1999, 2, 311–314.
[CrossRef]

40. Garrett, H.E. A developmental theory of intelligence. Am. Psychol. 1946, 1, 372–378. [CrossRef]
41. Addis, D.R.; Moloney, E.E.J.; Tippett, L.J.; P Roberts, R.; Hach, S. Characterizing cerebellar activity during autobiographical

memory retrieval: ALE and functional connectivity investigations. Neuropsychologia 2016, 90, 80–93. [CrossRef]
42. Andreasen, N.C.; O’Leary, D.S.; Paradiso, S.; Cizadlo, T.; Arndt, S.; Watkins, G.L.; Ponto, L.L.B.; Hichwa, R.D. The cerebellum

plays a role in conscious episodic memory retrieval. Hum. Brain Mapp. 1999, 8, 226–234. [CrossRef]
43. Fliessbach, K.; Trautner, P.; Quesada, C.M.; Elger, C.E.; Weber, B. Cerebellar contributions to episodic memory encoding as

revealed by fMRI. Neuroimage 2007, 35, 1330–1337. [CrossRef] [PubMed]
44. Gatti, D.; Vecchi, T.; Mazzoni, G. Cerebellum and semantic memory: A TMS study using the DRM paradigm. Cortex 2021, 135,

78–91. [CrossRef] [PubMed]
45. Hughes, M.L.; Agrigoroaei, S.; Jeon, M.; Bruzzese, M.; Lachman, M.E. Change in Cognitive Performance from Midlife Into Old

Age: Findings from the Midlife in the United States (MIDUS) Study. J. Int. Neuropsychol. Soc. 2018, 24, 805–820. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3389/fnhum.2020.00204
https://doi.org/10.3389/fnhum.2010.00021
https://www.ncbi.nlm.nih.gov/pubmed/20224820
https://doi.org/10.1016/j.tics.2007.05.005
https://www.ncbi.nlm.nih.gov/pubmed/17548232
https://doi.org/10.1016/j.cortex.2009.07.011
https://www.ncbi.nlm.nih.gov/pubmed/19709652
https://doi.org/10.1016/S1053-8119(03)00096-X
https://www.ncbi.nlm.nih.gov/pubmed/12880792
https://doi.org/10.1523/JNEUROSCI.20-16-06173.2000
https://doi.org/10.1002/(SICI)1098-1063(1999)9:1&lt;7::AID-HIPO2&gt;3.0.CO;2-K
https://doi.org/10.1038/7221
https://doi.org/10.1037/h0056380
https://doi.org/10.1016/j.neuropsychologia.2016.05.025
https://doi.org/10.1002/(SICI)1097-0193(1999)8:4&lt;226::AID-HBM6&gt;3.0.CO;2-4
https://doi.org/10.1016/j.neuroimage.2007.02.004
https://www.ncbi.nlm.nih.gov/pubmed/17350289
https://doi.org/10.1016/j.cortex.2020.11.017
https://www.ncbi.nlm.nih.gov/pubmed/33360762
https://doi.org/10.1017/S1355617718000425
https://www.ncbi.nlm.nih.gov/pubmed/30019663

	Introduction 
	Method 
	Participants 
	Task 
	Image Acquisition and Preprocesses 
	Design for Statistical Tests 
	Behavioral Data 
	Imaging Data 


	Results 
	Behavioral Data 
	Functional Activation Analyses 
	Functional Connectivity Analyses 

	Discussion 
	The Extended PASA Model between IFG and Hippocampus/Parahippocampus 
	The Frontal Aspect of the PASA Model Was Not Replicated 
	Compensation vs. Dedifferentiation 
	Cerebellar Participation 
	Other Thoughts on the Analysis Method 
	Limitations and Future Directions 

	Conclusions 
	References

