npj | aging

Article

Published in partnership with the Japanese Society of Anti-Aging Medicine

https://doi.org/10.1038/s41514-026-00374-w

Individual differences reveal distinct age-
related reorganizations in spatial
channels for luminance and texture

processing
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Aging impairs vision, but its specific impact on the neural channels underlying pattern processing is
unknown. By examining individual differences in behavioral data from 52 younger and 50 older adults,
we investigated how aging reorganizes underlying channels for detecting first-order (defined by

luminance static or in motion) and second-order (defined by contrast, motion, or orientation) patterns.
We identified a key organizational feature in youth on spatial processing: a global factor supporting all
these pattern types at high spatial frequencies. Critically, this global factor was significantly weakened
in older adults. Furthermore, high-frequency motion processing, which was integrated into this global
factor in the young, became isolated and degraded with age. In contrast, orientation processing was
spared, possibly reflecting distinct age-related changes in its spatial channels. Lastly, a two-channel
system was found to govern all second-order patterns in both age groups. Our findings reveal a neural
signature of sensory aging: a deterioration in global integration for pattern processing and a specific

vulnerability in motion-defined pattern processing, while orientation-defined pattern processing is
maintained through distinct organizational changes. The present findings extend neural
dedifferentiation frameworks in cognitive aging to the organization of spatial frequency channels in

pattern vision.

The human visual system has a remarkable ability in detecting various types
of patterns. For example, we can easily distinguish a city skyline against the
sky because buildings create clear luminance variations—a process known
as first-order (luminance-modulated (LM)) processing in early visual areas.
However, telling apart individual buildings requires analyzing finer texture
differences, such as window arrangements or movements behind glass—a
task involving second-order processing in early and late visual cortex. These
sensory processes, however, decline with age even without ocular pathology,
creating growing challenges as the global population over 60 is projected to
double by 2050'. Understanding these age-related changes requires exam-
ining how neural processing of both luminance and texture information
becomes altered.

Contrast sensitivity studies have established that aging primarily tar-
gets high spatial frequencies, with seminal works attributing this decline to
combined optical and neural factors after age 40-50". Previous research

suggests that sensitivity for luminance and texture patterns deteriorate
independently’, with unique progression rates’ across different stimulus
types. These dissociations likely reflect distinct cortical pathways governing
first- and second-order sensitivity in striate” and extrastriate visual areas™ ",
supported by the standard cortical two-stage filter-rectify-filter model for
second-order processing®'®". This model engages both early and higher
visual areas, forming intricate foundations for complex vision, including
perceiving natural scenes and faces. While studies have reported that aging
differentially influences sensitivity for different patterns (first- and second-
order images), there is no framework describing how these spatial processes
are globally organized and mediate such age-related changes in both global
and local organization of these processing pathways.

The distinction among general decrease in sensitivity across stimulus
types, pathway-specific alterations of spatial channels, or their global
organization between these unique processes is crucial for understanding
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how aging impacts basic building blocks of spatial vision. However, the
neural substrates of these aging patterns remain poorly understood. Prior
works have examined patterns of individual differences across a wide range
of spatial parameters to derive channel properties in contrast perception,
color, and stereopsis”™"’ in both healthy” and dlinical populations™.
Additionally, other studies have used adaptation and masking paradigms to
reveal first-order” and second-order channels in human observers™*".
However, multiple stimulus types have not been studied systematically with
identical spatial parameters to identify spatial channels for first- and second-
order processing because of methodological limitations in measuring visual
functions across different pathways. Identifying latent sources of individual
differences in data requires multivariate statistical methods that work reli-
ably with large datasets with paired observations across stimulus types and
spatial frequencies. This is now possible due to modern software packages
for data analysis and modeling, as well as recent developments in psycho-
physical testing, such as the quick Contrast Sensitivity Function (qCSF)
method™™.

Here, we seek to understand the global organization of spatial channels
—defined as their shared structure across stimulus types—that process first-
and second-order stimulus types across wide ranges of spatial frequencies,
the local organization of these channels within each stimulus type, and
examine their both the global and local age-related changes using popula-
tion datasets of individuals with normal vision. We address these questions
through a novel combination of factor analysis and computational modeling
applied to comprehensive datasets of contrast sensitivity for both
first-order (oriented and moving LM, 1-14.16 ¢/deg) and second-
order stimuli (contrast-, motion-, and orientation-modulated,
0.25-3.54 ¢/deg) in 52 young and 50 old visually intact observers. We
hypothesize that aging not only reduces sensitivity for first- and
second-order processing but also alters how these distinct processes
interact with each other, as well as modify the properties of spatial
channels that subserve each process.

Results

Sensitivities to some patterns are more susceptible to aging
than others

In their previous study, Reynaud et al. examined sensitivity from 52 young
observers and 50 older subjects, all of whom had normal visual acuity for
first- and second-order visual stimuli (each shown in Fig. 1A). They
observed that peak sensitivity, which is the maximum sensitivity across
tested spatial frequency ranges, for oriented and moving first-order LM
patterns similarly declined with age. For second-order stimulus types, peak
sensitivity for orientation-modulated (OM) signals remained spared despite
aging, while two other second-order stimuli—contrast-modulated (CM)
and motion-modulated (MM)-showed similarly significant reductions,
with MM exhibiting the lowest peak sensitivity relative to CM and OM.
Together, peak OM sensitivity remained intact (green curve in Fig. 1A),
while other peaks declined significantly with aging.

Importantly, although CSFs characterize the overall shape of sensitivity
across spatial frequencies, they do not capture how sensitivities co-vary
across individuals and therefore cannot reveal the underlying covariance
structure. Beyond examining mean sensitivity, multivariate analysis of
individual differences in behavioral data could reveal how different pro-
cesses could interact and elucidate if aging could alter these relationships
between separate processes, often reflected in clustered correlation
matrices'®**". We observed similarly clustered correlation patterns in
young and older groups (Fig. 1B). Sensitivity for each stimulus type was
strongly correlated at nearby frequencies (evident along the matrix diag-
onals), and some stimulus types showed selective relationships. Both groups
exhibited strong correlations at all spatial frequencies between the two first-
order stimuli (oriented and moving LM), but more robust in older subjects
(Fig. 1B, right). Interestingly, the correlation patterns among second-order
stimuli types (e.g., MM and CM/OM) are slightly different. Correlations are
mostly present at low frequencies and stronger in young observers (Fig. 1B,
left) than in older individuals (Fig. 1B, right). These group differences that

could possibly reflect age-related reorganization are examined in detail
using factor analysis in subsequent sections.

Aging weakens the global relationship between spatial channels
for processing luminance and texture patterns

To explore age-related changes of the prominent correlation patterns in Fig.
1B and identify latent sources of individual differences in sensitivity across
stimulus types and spatial frequencies in each subject group, we decomposed
the prominent correlation patterns into distinct components using factor
analysis on the combined dataset for each age group. Strong correlation
patterns suggest the influence of shared underlying factors, while the absence
of correlations implies distinct mechanisms. This approach allowed us to
determine how many factors govern sensitivity for first- and second-order
signals and understand how these factors change with age, providing insights
into the neural mechanisms underlying pattern perception.

For each group, factor analysis extracted seven significant factors based
on the Guttman criterion (eigenvalues > 1; scree plots in Fig. 1C). Although
alternative methods suggested five (parallel analysis) or nine factors (sys-
tematic factor loadings), we selected seven as an intermediate solution from
the Guttman criterion (see Table S1). This decision was further supported by
the nine-factor model, producing a weakly loaded, potentially extraneous
factor in older subjects (Fig. S1). Additionally, the seven-factor model
confirmed two distinct first-order factors above 1 ¢/deg in both age groups,
consistent with our prior work on a different dataset™. The model accounted
for 85.0% of cumulative variance in young and older individuals and
exhibited minimal residuals (Fig. S2). Figures 2, 3 display factor loadings and
correlation structures for each factor in young and older adults (factor
loading values in Tables S2 and S3), ordered by variance explained and
loading scores, and color-coded by stimulus type. Factor loadings are dis-
played in polar plots (radius: loading values; circumference: spatial fre-
quency in clockwise direction; see bottom-right guide panel in Fig. 2) to
visually demonstrate how channels for different stimulus types can operate
together (i.e., polar plots where loadings are significant for several stimulus
types, such as Factor 1 in Fig. 2) while some others operate independently
within specific frequency ranges (i.e., polar plot where loadings are sig-
nificant for mainly one stimulus type, such as Factor 4 in Fig. 2). The
correlation structure for each factor (displayed as a heatmap) shows how the
complex pattern of correlations in our original, empirical data (Fig. 1A) can
be broken down into simpler, meaningful components. The purpose of
these correlation plots is to demonstrate that the factor model is compre-
hensive; when the correlation patterns from all seven factors are combined,
they faithfully reconstruct the prominent correlations seen in the raw data
without overlooking significant relationships (Fig. S2). This validation, as
used in previous studies'>'®, confirms that the seven-factor solution suc-
cessfully captures the core patterns of individual differences in each
age group.

In young adults, the seven-factor model revealed one factor that
accounted for global relationships across spatial channels for first- and
second-order stimulus types, and six factors that operated independently
within a specific frequency range of one stimulus type. Factor 1 (26.5%
variance) was associated with sensitivity for all first- and second-order sti-
muli at high frequencies; although the loadings are barely larger than 0.5 for
the OM stimuli. This aligns with evidence that first- and second-order
processing, though distinct, interact at early stages™”.

In contrast to high-frequency channels, low-frequency channels are all
loaded on different factors. For first-order luminance modulated stimuli, the
moving LM low-frequency channel is loaded on Factor 2 (14.0%), and
oriented LM low-frequency is loaded on Factor 7 (6.6%). Second-order
processing, low-frequency processing channels are also governed by distinct
factors. MM low-frequency processing is loaded on Factor 3 (10.3%), CM
low-frequency is loaded on Factor 5 (10.1%). Unlike other stimuli, OM was
less dependent on Factor 1, with low-frequency sensitivity loaded on Factor
4 (10.2%) and high-frequency loaded on Factor 6 (7.4%).

These results highlight key findings about the organization of
these spatial channels in young populations. Two separate spatial
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Fig. 1 | Individual differences in sensitivity for
first- and second-order patterns reflect hidden,
latent sources of variability. Data of young obser-
vers are shown in the left column, while data of old
participants are displayed in the right column.

A Five stimulus types used in this study. Oriented
and moving first-order luminance-modulated (LM)
sensitivity was measured in at 1-14.16 c/deg, while
second-order contrast-, orientation-, and motion-
modulated (CM/OM/MM) sensitivity was mea-
sured at 0.25-3.54 c¢/deg using the validated gCSF
method. Mean sensitivity data with standard
deviations in shades shown for each stimulus type
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and subject group (52 young observers, 50 older
observers). B Correlation matrix from empirical
data for each subject group reveals systematic pat-
terns, with significant correlations observed along
the diagonal of the matrix. There are also significant
correlation patterns far from the diagonal, reflecting
common mechanisms among different stimulus
types. C Scree plots indicating that solutions with
seven factors (orange points, eigenvalues > 1) are 3-
adequate to describe correlation patterns in data of
young and older groups. Of 45 available variables in
the datasets, only factors with eigenvalues above 0 1-
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channels exist for each stimulus type. While visual processing
involves separate pathways for low-frequency processing, as reflected
by a unique low-frequency channel for each stimulus, high-frequency
processing shares a common spatial channel across all stimulus types
except OM signals. This indicates that OM processing is segregated at
all frequencies, while second-order CM and MM processing correlate

with first-order sensitivity at high frequencies but diverge at low
frequencies.

In older individuals, the factor model reveals a reorganized structure of
visual processing that shares some features with younger observers but also
shows key differences. Similar to younger adults, high-spatial frequency
sensitivities for all stimulus types are represented by a single factor (Factor 2:
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Seven significant factors in young observers
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Fig. 2 | Factor analysis on sensitivity data across five stimulus types in young
observers reveals that seven factors can capture individual differences in

raw data. The polar plots on the left show each factor loading (radius) across spatial
frequency (circumference in clockwise direction, as indicated in the bottom-right
guide panel). The thick light-gray line shows a reference loading score of 0. The
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proportion of variance for each factor is also reported on each plot. Correlation
heatmap shows the correlation coefficient among all tested conditions, where dark
red color denotes strong, positive correlations. The plots for loadings have been
color-coded based on stimulus types. LM luminance-modulated, CM contrast-
modulated, OM orientation-modulated, MM motion-modulated.

15.8%), and second-order processing remained loaded on individual,
dedicated factors for each type. However, the organization of low-frequency
pathways was altered. Unlike in younger subjects, both low-frequency
LM stimuli (static and moving) were consolidated into a single factor
(Factor 1, 23.9%), indicating a reorganization that brings these static
and motion pathways closer together. A further key change was
observed in the high-frequency processing of second-order stimuli:

while OM sensitivity maintained its own dedicated high-frequency
factor (Factor 7: 8.1%) as in younger adults, MM processing at high
frequencies also became governed by a separate, dedicated factor
(Factor 3, 10.4%) rather than being integrated into the global high-
frequency factor. Here, integration refers to the extent to which
sensitivities across different stimulus types load onto a common
latent factor, reflecting shared variance across processing channels.
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Seven significant factors in older observers
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Fig. 3 | Factor analysis on sensitivity data across five stimulus types in older
observers showed that seven factors can adequately account for the variance of
the data. Loadings for each factor and correlation structure of the original data
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explained by each factor are displayed similarly to Fig. 2. LM luminance-modulated,
CM contrast-modulated, OM orientation-modulated, MM motion-modulated.

This suggests a reduction in integration and a shift toward more
localized, stimulus-specific processing with age.

Our finding that high-frequency MM processing becomes more iso-
lated in older adults could, in principle, be explained by increased mea-
surement variability from reduced sensitivity, leading to lower correlations
with other stimulus types. To evaluate this possibility, we estimated mea-
surement reliability using inter-eye Spearman-Brown correlations (treating

the two eyes as parallel test halves), examined floor effects, and conducted
sensitivity analyses. At the frequencies where MM loaded most strongly on
Factor 3—and was therefore most isolated from the global factor
(1.31-1.83 cpd; Table S3)—MM in older adults demonstrated reliability
(Spearman-Brown = 0.765-0.775; 'Table S6) comparable to CM
(0.769-0.794) and OM (0.605-0.698). Floor effects for MM were modest
(1-18% at 1.31-1.83 cpd; Table S7), although slightly higher than for CM
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(0%) and OM (0%). Sensitivity analysis by removing MM thresholds at 2.54
and 3.54 ¢/deg, where floor rates were elevated (>60%; Table S7), and
recomputing the same factor structure in older adults revealed that MM at
0.94, 1.31 and 1.83 c/deg continued to load on a factor (Factor 4 in Table S8)
distinct from the global high-frequency factor (Factor 2 in Table S8), as in
our original factor structure (Fig. 3 and Table S3). These results collectively
indicate that the observed MM isolation is unlikely to be driven solely by
measurement artifact and instead reflects age-related reorganization of
spatial channels.

Both age groups showed one factor representing broad sensitivity
covariance across stimulus types at high frequencies—Factor 1 in young
observers (Fig. 2) and Factor 2 in older subjects (Fig. 3). Alongside the global
factor, other factors were associated with one stimulus type and a specific
range of spatial frequency. To examine the strength of the correlation pat-
terns in the global factor in both age groups, we visualized six-factor solu-
tions without the global factor in correlation matrices, revealing that this
factor was essential for preserving the patterns in the data of young observers
but unnecessary for older subjects (Fig. S3). This indicates that while young
observers show strong interactions between first- and second-order pro-
cessing at high frequencies, these relationships weaken with age, resulting in
more isolated processing channels. This age-related reorganization may also
partially explain the specific loss of high-frequency second-order sensitivity
observed in older individuals™’ stemming from weakened global relation-
ship with first-order processing.

Finally, to determine if the latent factor structure of sensitivity differed
significantly between age groups, we conducted a multi-group confirmatory
factor analysis. We tested a sequence of nested models to assess measure-
ment invariance: a configural model (equal factor structure; i.e., seven-factor
solution from young observers), a metric invariance model (equal factor
loadings), and a scalar invariance model (equal loadings and intercepts).
Likelihood Ratio Tests (Table S4) revealed that constraining factor loadings
to be equal significantly worsened model fit (Ax*(40) = 74.30, p <0.001),
indicating that the strength of the relationships between latent factors and
their sensitivity measures differed by age. Furthermore, constraining both
loadings and intercepts resulted in a more substantial degradation of fit
(AX?(37) = 357.06, p < 0.001), demonstrating that the groups also differed in
their baseline performance. These results indicate that factor structures are
fundamentally different between young and old groups, reflecting age-
related differences in the functional organization of spatial channels. Con-
sequently, separate factor analyses for each age group (Figs. 2, 3) are not only
justified but also statistically necessary.

Age-related alterations in low- and high-frequency channels are
unique across stimulus types

Combined factor analysis with the seven-factor model suggested there is one
low-frequency and one high-frequency spatial channel for sensitivity in each
stimulus type in both age groups. To validate this observation, we applied
standard factor extraction methods (parallel analysis, Guttman criterion,
and systematic loadings) for each separate type in each group, which pre-
dominantly identified two significant factors (Table S5).

We then performed separate factor analyses using two-factor models
for each stimulus type and age group to extract specific channel loading
patterns. Factor loadings are displayed in Fig. 4A, indicating that the tested
range of spatial frequency is subserved by two separate channels for all five
stimulus types. These loading scores were slightly different from those
provided in polar plots from Figs. 2, 3 (values in Tables S2 and S3), which are
derived from combined factor analysis for each group. For first-order sti-
muli (oriented and moving LM), older observers showed channels operating
across broader frequency ranges compared to younger subjects (minimum
loading scores near 0 in young but 0.25 in aged), showing age-related de-
differentiation of LM spatial channels. Aging effects in second-order pro-
cessing were particularly notable: older subjects exhibited narrower ranges
of robust loading scores in low-frequency channels, but broader ranges of
robust loading scores in high-frequency channels, especially for OM

processing, whose peak sensitivity remained spared (see Fig. 1A). This high-
frequency expansion of first- and second-order spatial channels may
represent adaptive reorganization associated with maintained sensitivity.

While loading scores in Fig. 4A provided a qualitative visualization of
channel interactions, we quantitatively characterized these channels by fit-
ting Wilson’s spatial model to each subject’s data. The resulting tuning
curves for different stimulus types are plotted in Fig. 4B, showing how two
factors for each stimulus type can subserve a specific range of spatial fre-
quency. We also observed that there was a specific frequency value where the
two channels would intersect (arrows in Fig. 4B). This intersection point was
derived for each subject, and the average was computed (see Fig. 4C for
mean and individual scatter points). Bonferroni-corrected pairwise t-test
revealed significant differences in intersections across all stimulus types
(p’s<0.0007) between age groups. Among second-order stimuli, OM
intersection showed the most pronounced shift towards lower frequencies
(Cohen’s d = 8.03; Fig. 4C), agreeing with the loading patterns in Fig. 4A.
Notably, while moving LM channels appeared stable in the loading score
patterns despite aging (Fig. 4A), their tuning curves showed significant
changes in their position of intersections (Fig. 4C), demonstrating that aging
systematically alters the properties and overlapping areas of spatial channels
for pattern detection. Intersections between oriented LM channels sig-
nificantly increased after aging, while those between other stimulus channels
significantly reduced (Fig. 4C), indicating that different types of LM sti-
mulus could have unique aging effects at the level of spatial channels in the
visual system.

Discussion
This study investigated how aging affects sensitivity across spatial fre-
quencies and visual pathways by examining LM (first-order) and texture-
defined (second-order) pattern processing in younger and older adults. We
used factor analysis, a multivariate analysis method that can uncover latent
sources of variability in individual differences, to reanalyze previously
obtained sensitivity data in young” and older populations’. We observed
that sensitivity is governed by two low- and high-spatial frequency channels
for all second-order stimulus types (CM, OM, MM) in both younger and
older adults. However, we found distinct organizational differences between
age groups. The correlation structures in behavioral responses revealed that
different second-order image types are processed separately in both age
groups, consistent with their established independent neural
mechanisms’*’. Younger adults showed robust neural integration of pat-
tern processing, with a single dominant factor explaining sensitivity variance
across all stimulus types (first- and second-order) at high frequencies. In
older observers, we also identified a single global factor underlying LM, CM,
and OM patterns at high frequencies. However, this factor accounted for a
much smaller proportion of the raw data’s variance (15.8%) compared to
young observers (26.5%). Furthermore, MM processing was found to be
isolated from the global factor, reflecting a more fragmented process for
perceiving motion patterns. This suggests that aging affects not only sen-
sitivity for first- and second-order stimulus but also impacts how these
processes co-exist in the visual system, leading to sensitivity variability in
older adults that reflects a more localized processing.

From our data, a fundamental neural organization of spatial channel
was observed: for all second-order stimulus types (CM, OM, and MM),
sensitivity is governed by two spatial channels, low- and high-frequency, in
both younger and older adults. This finding aligns with the established two-
channel model found in other visual modalities. Chromatic sensitivity (red-
green and blue-yellow)'*'"***” is subserved by two spatial channels,
reflecting the low-pass properties of chromatic CSF. Similarly, stereopsis
relies on two primary disparity channels tuned to low and high spatial
frequencies'”". All these studies reveal that channels have a bandwidth of
about 2 octaves each. In contrast, achromatic (luminance) processing
requires a third, higher-frequency channel to capture its wider full spatial
range”, a difference potentially driven by optical factors™. The
consistent emergence of a two-channel system across these diverse visual
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Fig. 4 | Results from separate factor analysis for each stimulus type (represented
in each column) and age group (young and old populations). The ghost gray traces
in each panel represent the data of the other age group to allow direct comparisons
for readers. Saturated color schemes represent data of young observers, while slightly
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of two spatial channels for each stimulus type and age group. B Tuning functions for
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low- and high-frequency spatial channels across five stimulus types in young and
older individuals. C A plot displaying average and individual locations of where low-
and high-frequency channels intersect. Asterisks indicate statistical significance
from pairwise comparisons with Bonferroni corrections (***p < 0.001). LM lumi-
nance-modulated, CM contrast-modulated, OM orientation-modulated, MM
motion-modulated.

modalities—texture, color, and depth—could suggest a common neural
organization in the visual system for processing non-luminance-based
information. This may stem from their shared lowpass characteristics, for

which a dual-channel system is sufficient.

However, separate factor analyses revealed stimulus-specific age effects
on channel organization. To begin with, first-order channels between two
LM types showed unique age-related changes even if their only difference
was the presence (moving LM) or absence of motion (oriented LM).
Oriented LM channels showed increased intersection positions between
frequency ranges, while moving LM channels demonstrated decreased
intersections—a pattern surprisingly similar to second-order MM channels
(Fig. 4B). This parallel progression in motion-processing channels occurs
despite their known unique neural mechanisms™, suggesting shared age-
related modifications across motion processing pathways for detecting first-

and second-order patterns.

Additionally, our analysis revealed distinct age-related changes in low-
and high-frequency channels for second-order processing. While CM, OM,

and MM stimuli all showed similar directional shifts—with high-
frequency channels broadening their frequency ranges and low-
frequency channels narrowing their ranges—OM channels exhibited

the most pronounced changes in both correlation structures and

tuning functions. This substantial reorganization of OM channels
coincides with preserved peak sensitivity for OM perception in older
adults, contrasting with the significant reductions observed for CM
and MM sensitivity (Fig. 1A). Whether this reorganization reflects
compensatory mechanisms or other age-related processes remains to
be determined. The relative preservation of OM processing, which
can involve ventral extrastriate pathways including V2% LO1, hv4,
VO1>'"7, and V4%, aligns with previous reports of maintained
orientation detection thresholds in aging”™*'. The spared OM pro-
cessing may stem from not only OM’s significant shifts in their

channel intersections, but also its inherent independence from first-

order high-frequency sensitivity in young observers (lower loading
scores for OM in Factor 1 and independent OM Factors 4 and 6 in
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Fig. 2), potentially insulating it from age-related declines in LM
processing that more strongly affect CM and MM sensitivity due to
their clustered correlations.

Conversely, MM processing showed increasing isolation in older
observers, particularly at high spatial frequencies. This was evidenced by the
global factor (i.e., Factor 2 in Fig. 3) incorporating high-frequency LM, CM
and OM processing but excluding MM, which instead relied on separate
dedicated factors (Factors 3 and 5 in Fig. 3). This segregated organization
differs markedly from young observers, where a single global factor (i.e.,
Factor 1 in Fig. 2) was associated with all stimulus types at high frequencies.
The localization of MM processing may relate to its particularly vulnerable
sensitivity profile, showing both the lowest peak frequency among all stimuli
(Fig. 1A). A previous study reports that this global factor, which is associated
with high frequency LM sensitivity (above 2.25 c/deg), is related to the state
of optics because it can be entirely removed with adaptive optical
correction™. Together, there is a possibility that the age-related changes in
the global source of variability, notably its weakening relationship with high-
frequency MM signaling, are driven by optical shifts. Nevertheless, the aging
visual system seems to have undergone neural changes to create separate
sources of variability for high-frequency MM signaling rather than just
losing its functionality. This neural reorganization—the creation of separate
sources of variability for high-frequency MM processing—may be asso-
ciated with preservation of motion-defined pattern perception in the face of
age-related optical and neural changes. This process could involve func-
tional changes in V1" and extrastriate areas like V3" and other higher
temporal regions*. This dual susceptibility—combining sensitivity loss with
neural isolation—makes MM processing uniquely vulnerable to aging
among second-order stimuli, potentially highlighting the need for motion-
stream specific therapy to prevent age-related visual decline.

The present findings also bear a relationship to neural dedifferentiation
in cognitive aging*™, which refers to reduced functional specificity and
broader tuning of neural representations in older adults”. Older observers
exhibited broader loading ranges for first-order LM stimuli across spatial
frequency (Fig. 4A) compared to young populations, indicating that spatial
frequency specificity is markedly reduced. In addition, the global high-
frequency factor identified in older observers (Factor 2 in Fig. 3) was sub-
stantially less dominant (15.8% proportion of variance) than in younger
observers (26.5%; Factor 1 in Fig. 2). This reduced cross-stimulus covariance
at high spatial frequencies indicates weakened integration between first- and
second-order processing channels with age. Importantly, high-frequency
MM processing became increasingly isolated compared to other second-
order stimulus types, reflecting stimulus-selective reorganization with
aging”. Although these results are based on behavioral covariance rather
than neural measures, the reduced shared structure across stimulus types
and stimulus-specific isolation parallel reports of diminished functional
integration and altered segregation in aging visual and large-scale brain
networks" ™.

Previous studies have applied factor analyses across heterogeneous
visual tasks to examine whether visual abilities share a common general
factor’. For example, Shagiri et al.” reported weak inter-task correlations
in both young and older adults, concluding that visual abilities decline
relatively independently. The present study focuses on pattern sensitivity
and explicitly models the latent organization of spatial frequency channels
within first- and second-order systems to examine how the internal channel
structure of pattern vision is reorganized with age, both within individual
stimulus types and across pattern types.

The physiological basis for the observed weakening of global integra-
tion and stimulus-specific shifts in spatial channel tuning may involve age-
related alterations in neurochemistry within the visual cortex. Animal stu-
dies show reduced GABAergic signaling in aging visual systems™”,
impairing critical functions like orientation selectivity”® and center-
surround suppression’*“—the latter of which is essential for second-
order processing in V1 and V2°'. Reduced inhibition could thus plausibly
contribute to the channel reorganization observed here. However, direct
evidence from human neuroimaging is mixed. Using magnetic resonance

spectroscopy, Pitchaimuthu et al.”> found increased GABA+ levels in the
visual cortex of older adults, contrary to previous animal studies, and further
observed that higher GABA+ correlated with reduced perceptual surround
suppression. This challenges a simple one-to-one mapping between inhi-
bitory neurochemistry and inhibition-related perceptual performance®.
Alternatively, glutamate/glutamine (Glx) and GABA concentrations are
relatively balanced and correlated in the human cortex®, and perceptual
changes can scale with the magnitude of neurochemical deviations®. Age-
related perceptual changes may therefore reflect disruptions in this equili-
brium—particularly if GABA exhibits larger age-related shifts than Glx in
visual cortex”—rather than a simple one-to-one mapping between GABA
concentration and inhibitory function.

Shared covariance in contrast sensitivity measures does not uniquely
index sensory channel organization. Here, factor analysis captures beha-
vioral covariance patterns rather than physiological mechanisms, and
contrast sensitivity reflects multiple influences beyond spatial tuning,
including internal noise®, perceptual efficiency”, decision processes®, and
attentional modulation”, all of which are affected by aging’*””. Thus,
although our analyses show that the covariance structure of luminance and
texture processing differs with age, they cannot determine whether these
changes arise from sensory reorganization or age-related alterations in
noise, attention, or decision processes that affect covariance in sensitivity.
Due to stimulus design, first- and second-order stimuli were necessarily
tested over partially different spatial frequency ranges (1-14.16 c/deg in
first-order vs. 0.25-3.54 c/deg in second-order), specifically due to the fixed
1:4 spatial frequency ratio between the carrier and envelope™”’. Although
this difference may have influenced the factor-analytic results, we believe
that this design choice was necessary because second-order processing is
more lowpass*”. Including spatial frequency ranges at which sensitivity
approaches zero would introduce statistical artifacts, such as floor effect and
unstable or weak factor loadings, in factor analysis™””.

In our studies, motion stimuli were presented at a temporal frequency
of 2 Hz, which is close to the peak of human temporal sensitivity  and to the
preferred temporal tuning of neurons in primary visual cortex’”’, which
provide input to second-order processing mechanisms in the classical filter-
rectify-filter model®"”. Since age-related declines are often more pronounced
at higher temporal frequencies or velocities”*”, selecting a near-optimal
temporal frequency reduces the likelihood that observed thresholds for
texture patterns are driven primarily by first-order temporal limitations.
Notably, at higher temporal frequencies, age-related declines in first-order
temporal sensitivity may propagate to second-order thresholds, making the
two sources of decline difficult to disentangle. A substantially larger and
more comprehensive dataset would be required to characterize age effects
across the full spatiotemporal domain® and to directly map these
interactions.

Sex distribution was closely balanced across age groups (young: 25/52
females; older: 28/50 females). While robust sex differences in contrast
sensitivity thresholds are generally not observed®"”, sex differences have
been reported in motion perception in favor of males**!, and motion
functions decline with age**. However, sex was not modeled in the factor
analyses, and potential sex-by-age interactions cannot be ruled out. Con-
sequently, it is possible that unmodeled sex-related variability could influ-
ence the factor structure underlying sensitivity to motion-based stimuli
(moving LM and MM).

In conclusion, our results reveal that aging induces significant reor-
ganizations of spatial channels across both first- and second-order proces-
sing, manifesting through both local and global modifications. At the
systematic level, we observed a pronounced weakening in the relationship
between high-frequency channels for first- and second-order processing.
For first-order pathways, changes include increased correlations between
low- and high-frequency channels for moving LM signals, and merged
processing of static and moving LM images at low frequencies in older
populations. Second-order processing shows stimulus-specific alterations:
MM becomes mechanistically isolated, particularly at high frequencies,
from both first- and other second-order stimulus types, while OM channels
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undergo substantial positional shifts that accompany maintained sensitivity.
These differential patterns of reorganization highlight the visual system’s
varied adaptive responses to aging, where some pathways demonstrate
functional decline while others exhibit potential preservation strategies.

Methods
Participants and procedure
In this study, we analyzed two datasets from previously published studies™”’
with a total of 102 observers who completed testing at multiple spatial
frequencies for multiple types of stimuli. The two datasets included contrast
sensitivity data for first-order (oriented and moving LM patterns) and
second-order (CM, MM, and OM) for the dominant and non-dominant
eyes from 52 normally sighted young observers (27 males and 25 females;
average age=24.9 +0.3 years; age range =21-30 years)”’ and 50 aged
individuals (22 males and 28 females; average age 68.2 + 3.5 years; age
range = 63-76 years)’. These data were collected at successively, although
they were published years apart. All participants had normal or corrected-
to-normal visual acuity (better than 20/25). Older participants underwent
screening for both cognitive status and ocular health. Probable dementia
was ruled out using the Mini-Mental State Examination®. Older participants
were examined by an ophthalmologist to exclude ocular pathologies,
including macular disease, glaucoma, and cataract, although some age-
related ocular changes (e.g., increased lenticular density) may have been
present. Additional exclusion criteria included alcoholism, stroke, and
depression.

The contrast sensitivity data were obtained using the gCSF method.
The visibility of the stimulus for second-order images, except CM, was
equated to first-order stimuli based on each observer’s detection threshold
to ensure that the measurement would reflect genuine neural processing.
For first-order stimuli, the range of tested spatial frequencies was from 1 to
14.16 c/deg, while the range of frequencies was from 0.25 to 3.54 c/deg for
second-order stimuli. 100 trials were tested per test block to measure con-
trast sensitivity, lasting for about eight minutes. Measurements were repe-
ated 2 times. These studies indicate no difference in sensitivity values
between dominant and non-dominant eyes, so we used average data across
two eyes for each measurement. Details of the stimuli generation are pro-
vided in the reports of Reynaud et al.*”’. The original studies™*’ from which
data were obtained were in line with the Declaration of Helsinki and
approved by the ethics committee of the University of Science and Tech-
nology of China and by the Ethics Review Board of the Montreal Neuro-
logical Institute at McGill University.

Factor analysis

Factor analysis was conducted on each age group separately, which included
52 young observers and 50 older individuals. It was conducted on the
combined datasets across five different stimulus types, and separately for
each stimulus type. R software was used to perform factor analysis, mainly
with the psych package’s fa function®. As no significant difference was
observed between each eye’s sensitivity in the previous studies*” and the
correlation patterns between dominant and non-dominant eyes were highly
similar (Fig. S4), we analyzed average sensitivity data across two eyes
(dominant and non-dominant eyes). To obtain loading scores, we used the
principal component method of estimation in factor analysis. We confirmed
that there was a robust correlation structure in each dataset and that it was
appropriate for factor analysis using preliminary statistical tests (Bartlett’s
test of sphericity: P’s < 0.001). Factor solutions were rotated using the var-
imax method, maximizing the variance of squared loadings and boosting
the interpretability of statistical results”. To determine the number of fac-
tors, we used standard factor extraction methods to determine the number
of latent sources of inter-subject variability in sensitivity data, including
parallel analysis, Guttman criterion, and systematic loadings. To determine
the robustness of our factor models, we visually assessed them by plotting
the correlation matrices of raw data, models, and residuals, and determined
that our models were robust if they captured important correlation struc-
tures of the raw data (see Fig. S2 as an example). The correlation structure of

each factor in our factor model was computed through L;L; + Uy, where L
is the factor loadings matrix, and U indicates the degree of uniqueness from
the factor model. This method is similar to those applied in the study of
Emery et al.’. Correlation matrices were plotted using the ggcorrplot
package®. To confirm whether loading scores were different between the
two age groups, multi-group confirmatory factor analysis and likelihood
ratio tests were conducted using the lavaan package®.

Predicting fitted values from a factor model
Besides the traditional tests to determine the number of factors, we also
evaluated the quality of the factor model’s fits against the raw data by
generating predicting values. The fitted values were calculated from weights,
which were computed with the following equation:

Bp=X+y o)

where B is the weight of each factor at each level of a variable (i.e., spatial
frequency), X' is the Moore-Penrose pseudo-inverse of each factor’s
loadings, and y is the matrix of the experimental data (Reynaud et al.; Friston
et al.). A matrix multiplication of the coefficient weights 8 and the loading
matrix yielded fitted values:

y=XB @

where X is the loading score, and ¥ is the fitted value of the sensitivity data
based on the factor model.

Computational modeling for derivation of spatial channels
The spatial frequency tuning of each factor channel was estimated using the
loadings from factor analysis with the formula below™:

Sobs (f)

S (f) = 1/Q 3)

1
L.(H)

where S, (f) denotes observed contrast sensitivity at spatial frequency f
(raw data), L, (f) reflects loading score for channel # at frequency f, and Q is
an exponent (fixed to 4) that controls the shape of the fitted function”'. The
derived sensitivity values S,,(f) were fitted to Wilson’s model” to extrapolate
each factor’s tuning function (i.e., spatial channel) as shown below:

5= o) - -L) + cxem(£)]

)
07 2 3

where A refers to the amplitude scaling factor, B denotes suppression weight,
and C reflects secondary excitatory weight. Additionally, 0,, 0,, and o5 are
bandwidth parameters that control the spread of the Gaussian functions.
The six parameters were estimated via optimization using an Nelder-Mead
algorithm. Data from each observer and the average were fitted up to 2000
times each with random starting values. Parameters that yielded the smallest
residual sum of squares were chosen. Plots were visualized using ggplot2”,
and individual plot objects were combined into multi-panel figures using
cowplot™ and smplot2” in R software.

Data availability
The datasets are available online (https://mvr.mcgill.ca/AlexR/data_

en.html).

Code availability
The software and routines to perform factor analysis are described in online
documentation (Chapter 16 in https://smin95.github.io/dataviz).
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