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ABSTRACT
Background: Sensory function, processing speed, and working mem-
ory are considered to be mechanisms that play important explana-
tory roles in age-related decline of cognitive abilities. As individuals
age, sensory function declines along with other cognitive abilities,
including processing speed and working memory. Moreover, the
relationship between sensory function, processing speed, and work-
ing memory, which represent the most basic mechanism, is one of
the important issues in the field of cognitive aging.
Methods: To explore the role of sensory function, especially visual
function, in processing speed and working memory aging, the pre-
sent study adopted a 2 (age: young and old) × 4 (visual perceptual
stress: high, medium, low, and non-stress) mixed design and explored
age differences in tasks testing processing speed and working mem-
ory. To generate different levels of visual perceptual stress, test
materials were masked with Gaussian noise according to each indi-
vidual‘s visual function.
Results: The results indicated that age differences in processing speed
were not influenced by different levels of visual perceptual stress,
while age differences in working memory performance decreased
gradually with the increase of visual perceptual stress.
Conclusion: Visual function affected age differences in working memory
rather than in processing speed. The common-cause hypothesis and
information-degradation hypothesis were applied to interpret the rela-
tionships between visual function and processing speed and between
visual function and working memory, respectively. Moreover, sensory
function may not directly affect working memory function, which was
also consistent with a resource decrement model of aging.
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Introduction

Several studies have confirmed that cognitive abilities generally decline with age, especially
in old age (Anstey, Horswill, Wood, & Hatherly, 2012; Gerstorf, Ram, Lindenberger, &
Smith, 2013; Salthouse, 2009). Sensory function (Baltes & Lindenberger, 1997;
Lindenberger & Baltes, 1994), processing speed (Salthouse, 1996), and working memory
(Craik & Byrd, 1982) are considered to be mechanisms that play important explanatory
roles in age-related decline of cognitive abilities (Baldwin & Ash, 2011; Park, 2000). As
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individuals age, sensory function declines along with other cognitive abilities, including
processing speed and working memory. Moreover, the relationship between sensory
function, processing speed, and working memory, which represent the most basic
mechanism, is one of the important issues in the field of cognitive aging. Previous research
about this relationship used mainly cross-sectional or correlational designs (Lindenberger
& Baltes, 1994; Salthouse, 1996), and few studies adopted a laboratory design to infer the
possible causal relationship between these factors. Thus, the present study attempted to
manipulate sensory function to explore the relationship between sensory function, proces-
sing speed, and working memory.

Relationship between Sensory Function, Processing Speed, and Working Memory

Several cross-sectional studies confirmed that processing speed and sensory function were the
two most basic mechanisms that could explain a large portion of the age-related variance in
cognitive function (Anstey, Luszcz, & Sanchez, 2001; Baltes & Lindenberger, 1997;
Lindenberger & Baltes, 1994; Salthouse, 1996). La Fleur and Salthouse (2014) concluded
that visual acuity had weak direct effects on cognitive function; however, a decrease in the
age–cognition relation when the visual measure was statistically controlled, which meant the
visual measure may be accounted for the age-related variances in cognition. This result is
consistent with earlier reports (e.g., Salthouse, Hancock, Meinz, & Hambrick, 1996). Other
research findings indicated that cognitive processing speed accounted for the largest variance
in general cognitive status in older people (Tam, Lam, Huang,Wang, & Lee, 2015) and shared
large proportions of their age-related variance (Salthouse & Meinz, 1995). Moreover, both
sensory function and processing speed were evaluated as mediators of the relationship
between age and cognitive function. For example, Clay et al. (2009) found that the direct
associations between age and memory span and between age and fluid intelligence were non-
significant after accounting for age-related declines in vision and processing speed (Clay et al.,
2009). However, the relationship between sensory function and processing speed remains
unclear since these studies almost belong to the correlational design. Thus, the present study
aimed to explore the relationship between sensory function and processing speed from the
perspective of experimental manipulation.

The age-related variance accounted for by working memory was lower than that by
sensory function (Ghisletta & Lindenberger, 2005) and processing speed (Salthouse, 1996).
Previously, we had explored the mediating effects of sensory function, processing speed,
and working memory on the relationship between age and primary mental abilities, and
concluded that sensory function, processing speed, and working memory were three
important mediators that affected cognitive aging. The effect of these three mechanisms
on aging of primary mental abilities presented a hierarchical relation, in that sensory
function and processing speed could predict the decline of working memory and further
predict the aging of primary mental abilities (Peng, Shen, & Wang, 2004; Shen, Wang,
Peng, & Tang, 2003). Thus, the role of working memory in cognitive aging may be less
basic than that of sensory function and processing speed. Moreover, several studies, which
investigated the relationships between these functions, found that sensory function aging
had a significant effect on memory decline but not on the decline in processing speed
(Baldwin & Ash, 2011). When participants’ auditory acuity declined, their corresponding
auditory working memory performance was also poorer than that of the control group
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(Lindenberger, Scherer, & Baltes, 2001). Since the present study mainly investigated the
relationship between these three cognitive abilities, the question arises on exploring the
mental mechanisms between sensory function, processing speed, and working memory.
The following two theories may provide some explanations.

Theoretical Explanations

The common-cause hypothesis and information-degradation hypothesis were considered the
two theoretical explanations of the relationship between sensory function and other
cognitive abilities. More recently, interpretations of the associations between sensory
function and cognitive domains have focused on shared age-related variance and common
factor models. Baltes and Lindenberger (1997), relying on the Berlin Aging Study, pro-
posed the common-cause hypothesis that attributes the relationship between sensory
function and cognitive abilities to a common cause, which is an index of central neural
system degeneration, that affects the whole cognitive system (Baltes & Lindenberger, 1997;
Lindenberger & Baltes, 1994). This has become a theme in the current cognitive aging
research and linked sensory function and cognitive performance at the levels of brain
function. Some research found that loss of white matter integrity was a significant cause of
age-related slowing among otherwise cognitively normal old adults (Gunning-Dixon &
Raz, 2000; Papp et al., 2014). Age differences in intellectual and sensory functioning are
thus seen as the outcome of a third common factor or ensemble of factors, that is, age-
related changes in the physiological state of the brain. Based on the notion that both
sensory function and processing speed were evaluated as mediators of the relationship
between age and cognitive function, Anstey et al. (2001) found a common variance in the
cognitive factor shared by age, speed, vision, and hearing. Hofer, Berg, and Era (2003)
reviewed the research on associations between physiological and cognitive functioning in
adulthood from 1960 to 2002 and found substantial amounts of shared age-related
variance that were accounted for by other variables, such as speed and sensory function
(Hofer et al., 2003). Additionally, several studies found that both processing speed and
sensory function could explain a large portion of age-related variance in cognitive func-
tion (Anstey et al., 2001; Salthouse, 1996), which indicated that sensory function and
processing speed may play the same important roles in aging of other cognitive abilities.
Moreover, age-related disinhibition is another factor that has been posited to act as
a common cause mechanism. Thus, based on the common-cause hypothesis, we infer
that age differences in processing speed are not influenced by manipulating sensory
function, and may inversely be influenced by a common factor beyond sensory processes.

However, cross-sectional studies found that the common factor could not explain all the
age-related variation between sensory and cognitive function (Anstey et al., 2001; Baltes &
Lindenberger, 1997; Salthouse et al., 1996). A recent meta-analysis of 456 studies suggested
that visual acuity is not significantly related to age group differences in higher-level cognitive
performance (Houston, Bennett, Allen, & Madden, 2016). In addition, quite a few studies
found direct effects of sensory impairment on cognitive abilities, such as listening to
discourse with distraction (Schneider, Daneman, Murphy, & See, 2000), short-term memory
(Murphy, Craik, Li, & Schneider, 2000), and reading (Speranza, Daneman, & Schneider,
2000), which could not be explained by the common-cause hypothesis. Therefore, another
theory was proposed to explain the strong link between sensory function and cognitive aging.
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Schneider and Pichora-Fuller (2000) described this relationship according to their informa-
tion-degradation hypothesis from the perspective of processing resource allocation (Schneider
& Pichora-Fuller, 2000). Sensory and cognitive processes are considered to be a unitary
information-processing system, where the sensory process occurs relatively earlier, and the
cognitive process occurs relatively later in the processing sequence. There is a strong link
between these two processes, which share some overlapping resources. In particular,
a sensory process needs more processing resource to obtain information if sensory function
declines, which may result in less resource allocation to cognitive tasks. Further, the quality of
the cognitive process is impaired by the poor sensory input, leading to a deficit in cognitive
processing, which results in older adults’ poorer cognitive performance.

According to this hypothesis, the poorer performance in working memory tasks in old
adults cannot solely be attributed to a working memory itself decline but rather to the
greater resource engagement by sensory processing. Thus, working memory aging may be
influenced by the decline in sensory function due to the allocation of resources. Sensory
function is an important impact factor that affect working memory. When old adults
experience a reduction in overall processing resources, performance deficits caused by
sensory function decline become more dramatic since sensory process needs more proces-
sing resource. If young adults engaged more resources for sensory processing, they could
exhibit the same poor working memory performance as old adults. To clarify the hypoth-
eses about the relationship between sensory function, processing speed, and working
memory, experimental manipulations of sensory function were used in the present study.

Present Study

The general aim of this study was to examine the role of sensory function in processing
speed and working memory aging through the perceptual stress paradigm proposed by
Schneider and Pichora-Fuller (2000). In this paradigm, the target stimuli are masked by
visual noise. The level of masking noise is adjusted to produce different levels of visual
perceptual stress. The perceptual stress for each participant can be matched through
a threshold elevation, which can be indexed by the signal-to-noise ratio (SNR). If old
adults continue to perform less well than young adults when presented with equivalent
perceptual stress, it can be inferred that the age difference is not due to the inability of old
adults to see the target stimuli. Rather, the difference can be attributed to age-related
declines in cognitive functioning. On the other hand, if age differences decreased or
disappeared under this manipulation, it would be reasonable to attribute age differences
in cognitive performance to the higher degree of perceptual stress usually experienced by
old adults (Schneider & Pichora-Fuller, 2000). In our previous research, we manipulated
visual perceptual stress of old and young adults to investigate the influence of visual
function on age differences in primary mental abilities. When the two age groups were
tested under equivalent perceptual stress, the age differences in reductive reasoning,
numerical ability and inhibition decreased, or even disappeared, which confirmed that
visual function can influence aging of cognitive abilities (Mao & Peng, 2015; Peng, Gao, &
Mao, 2017). Therefore, multi-level noise conditions (visual perceptual stress: high, med-
ium, low, and non-stress) were manipulated in the present study, which can help us better
explore how the age differences, respectively, in working memory and processing speed
vary with visual perceptual stress. Moreover, the SNR was manipulated according to each
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participant’s visual function in the present study. Thus, old and young adults completed
processing speed and working memory tasks under different visual perceptual stress and
non-stress conditions. We propose that if visual deficits contribute to age differences in
working memory tasks, these age differences will decrease or disappear if visual perceptual
stress increases, which supports the information-degradation hypothesis. In contrast, if age
differences in processing speed do not vary with this manipulation, it can be concluded
that the relation between processing speed and visual function may be influenced by
a third factor, which supports the common-cause hypothesis. Consequently, the specific
expectations consist of the following hypotheses:

Hypothesis 1: Age differences in processing speed performance will not vary under different
visual perceptual stress.

Hypothesis 2: Age differences in working memory performance will vary under different
visual perceptual stress. Specifically, when compared with a non-stress condition, age differ-
ences will decrease or disappear when visual perceptual stress becomes higher.

Methods

Participants

Thirty-three young (14 men and 19 women, Mage= 22.24, SD= 2.25) and 31 old (11 men
and 20 women, Mage= 71.10, SD= 5.63) participants were recruited. All participants had
a normal or corrected-to-normal vision. The old group had on average 15.52 education
years (SD= 1.68) and the young group 16.61 (SD= 1.94). The average self-report health
status (1 = excellent health, 2 = good health, 3 = poorer health) of the old group was 1.77
(SD= .50), and that of the young group was 1.36 (SD= .49). The age effect of education
years was significant, t (1, 62) = 2.82, p < .01, Cohen‘s d = .72. The age effect of self-report
health status was significant, t (1, 62) = −3.33, p< .01, Cohen‘s d = .85. The clock drawing
test was used to screen for possible Alzheimer disease or other types of cognitive impair-
ment (Tuokko, Hadjistavropoulos, Miller, & Beattie, 1992).

To conduct a power analysis, we searched for previous studies about sensory
function and found that Hofer et al. (2003) examined the interdependence between
aging-related changes in cognition, sensory acuity, balance, and presumably more
distal measures of physiological aging processes (Hofer et al., 2003). One of their
results showed that associations across sensory and cognitive domains were between
.20 and .40. Thus, when the sample size was 64 in the present study and the average
correlation between sensory function and cognitive aging was .3, the result of GPower
showed that the present study’s statistical power reached .79.

Design

The present study adopted a 2 (age: young and old) × 4 (visual perceptual stress: high,
medium, low, and non-stress) mixed design, in which age was the between-subjects variable
and visual perceptual stress was the within-subjects variable. In the visual perceptual stress
conditions, all stimuli were masked by Gaussian noise. High, medium, and low visual
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perceptual stress indicated that participants could correctly identify 60%, 80%, and 100% of
the materials, respectively (Mao & Peng, 2015). In the non-stress condition, the stimuli were
not masked with noise. Participants were asked to complete the digit comparison test and
operation span under the high, medium, and low visual perceptual stress and non-stress
conditions. The dependent variables were the performance in processing speed and working
memory tasks.

Measures

Digit Comparison Test
This test was used as a measure of general information processing speed (Shen et al., 2003).
Two digital strings (number of digits per string ranged randomly from 3 to 9 between trials)
with the same length were presented on the computer screen. Participants needed to identify
as quickly and accurately as possible whether these two digital strings were the same by
pressing “Yes” or “No” on a keyboard. In the formal experiment, trials with “Yes” and “No”
responses were equally frequent. There were three practice trials before the formal experiment,
which contained 84 trials. The participants’ reaction time and accuracy were recorded. The
average reaction time was regarded as the indicator of processing speed performance.

Operation Span
Operation span was used to measure participants’ working memory span (Gao, Peng, &
Wen, 2014; Peng, Wen, Wang, & Gao, 2012). Participants needed to calculate several sets
of additions and subtractions and remember the answer for each calculation. After one set
of calculations, the participants were asked to recall all answers of the set in order.

The answer to each calculation ranged from 0 to 9. Set size varied from 1 to 9 and
increased gradually. There were three sets of about the same size. If the participants could
not correctly calculate or recall two sets in a row, the experiment ended. If set size was
n when participants finished, the maximum number of correct calculation and recall was
n-1, which corresponds to working memory span. Two practical trials were completed
before the formal experiment. The maximum number of correct calculation and recall was
regarded as the indicator of working memory performance.

Generation of Visual Perceptual Stress
The level of perceptual stress was indexed by the percent correct identification of signal
stimuli under the masking noise conditions, with a higher percentage indicating lower
perceptual stress. The ratio of signal stimuli to noise luminance was manipulated to
produce various SNR sets. The threshold of each participant to reach an equivalent level
of perceptual stress was measured through psychophysical methods before the formal
experiment. The participants with better visual function exhibited a lower threshold in
identifying the signal stimuli, and the SNR they needed to reach the same level of
perceptual stress was relatively lower.

Because the materials in the digit comparison test and operation span were digits, the
thresholds for identifying digits were measured. In the visual perceptual stress measure,
one black digit (randomly selected from 0 to 9) masked by Gaussian noise was presented
on the white computer screen in each trial (see example displays in Figure 1). The
participants’ task was to name the displayed digit. During the experiment, all participants
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saw the display from a distance of 60 cm. The SNR generation method was adapted from
the research of Speranza et al. (2000) (Speranza et al., 2000). The background luminance
(Lav) and signal stimulus luminance (Lsig) were fixed, while the noise luminance was
manipulated. Higher SNR corresponded to clearer signal stimuli. The contrast of noise
and background luminance was calculated with the formula Cn = {∑ [(Li-Lav)/Lav] 2/n} 1/
2, where Li was the pixel luminance and n was the number of pixels. SNR was calculated
with the formula SNR = log(c/Cn).

Seven sets of SNR were produced to measure participants’ threshold, which was based
on the psychophysical method of constant stimuli. Under the lowest SNR, participants
could barely identify any signal stimulus; while under the highest SNR, they could almost
always identify each signal stimulus. In the present measure, young and old adults’ SNR of
digits ranged from −8.2 to −7.2 and from −8.0 to −7.0, respectively. (The values were the
calculated results of noise generation software, and larger values mean high SNR.) Each
SNR set included 30 trials, resulting in 210 trials totally for measuring the digit identifica-
tion threshold. Participants were instructed to respond on a keyboard. The response
accuracy was recorded, and the percentage of correct identification and SNR was fit
with a logistic function as follows:

y ¼ 1
1þ e�σðx�μÞ

where y represents the probability of correctly identifying the signal stimuli, x is the SNR,
μ represents the SNR level corresponding to 50% correct performance, and σ determines
the slope of the fitted function. The value of μ can be calculated by the identification
threshold measure. Special perceptual stress, which is indexed by SNR (x), can then be
calculated by this logistic function.

In this study, 60%, 80%, and 100% correct identification were selected to represent
high, medium, and low perceptual stress, respectively. With respect to manipulation check
of the SNR, lower SNR should correspond to lower digit identification accuracy. For
young group, the average specific values of SNR corresponding to 60%, 80%, and 100%
correct identification were −8.04, −7.76 and −7.06, respectively. For old group, the
corresponding average specific values of SNR were −8.28, −7.78 and −6.62. Two repeated-
measures analysis of variance (ANOVAs) were conducted. Mauchly’s sphericity test
showed that sphericity was violated (young group: Mauchly’s W = .07, df = 20, p < .001;
old group: Mauchly’s W = .12, df = 20, p < .001). The Greenhouse-Geisser adjusted results
of within-subjects tests showed that the main effect of SNR was significant in both the

Background   Signal stimulus

Noise

4

Figure 1. Display examples showing the non-stress stimulus (left panel) and the same stimulus masked
by Gaussian noise (right panel).
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young, F (3.50, 192) = 214.48, p < .001, η 2
p = .87, and old group, F (3.56, 180) = 66.93,

p < .001, η 2
p = .69. As shown in Table 1, the manipulation check of SNR in the present

study confirmed that this manipulation was effective.

Procedure

All participants filled in the background information and signed an informed consent
form. Afterward, the old participants completed the clock drawing test. At the formal
experiment stage, the measure of perceptual stress threshold was first administered to
establish the SNR corresponding to 60%, 80%, and 100% correct identification. Then,
participants performed the processing speed and working memory tasks under different
visual perceptual stress conditions. Each block contained one stress condition. Four blocks
with the different experimental conditions (i.e., three perceptual stress levels and non-
stress) were presented in random order. The order of the processing speed and working
memory tasks was also balanced among the participants. After finishing all tasks, partici-
pants received their remuneration.

This study was approved by the Ethics Committee of the School of Psychology, Beijing
Normal University, and written informed consent was obtained from all participants.

Results

Processing Speed

Accuracy
Using a 2 (age group: young and old) × 4 (visual perceptual stress: high, medium, low, and
non-stress) repeated-measures ANOVA revealed a non-significant effect of age group,
F (1, 59) = 2.51, p > .05, η 2

p = .04. Mauchly’s sphericity test showed that sphericity was
violated, Mauchly’s W = .82, df = 5, p < .05. The Greenhouse-Geisser adjusted results
showed that there were no age differences in accuracy of the digit comparison test under
the four experimental conditions, F (2.67, 177) = 2.44, p > .05, η 2

p = .04, and a significant
effect of visual perceptual stress, F (2.67, 177) = 3.97, p < .01, η 2

p = .06, which showed
that participants’ accuracy decreased gradually with the increase of visual perceptual stress
(Bonferroni corrections were controlled for multiple comparisons).

However, under high visual perceptual stress, the old adults’ average reaction time was
faster than that under the medium, t (29) = −2.47, p < .05, Cohen‘s d = .64, and low-stress
conditions, t (29) = −.20, p > .05, Cohen‘s d = .05. Because the response consisted of a two-
choice yes/no response, a one-sample t test was used to compare accuracy under high
visual perceptual stress with the chance probability of .5. The result showed that, in the

Table 1. The relationship between the SNR and the recognition accuracy of digits.
SNR1

Young −7.20
Old −7.00

SNR2
-7.38
–7.18

SNR3
-7.56
–7.36

SNR4
-7.73
–7.53

SNR5
-7.89
–7.69

SNR6
-8.05
–7.85

SNR7
-8.20
–8.00

Age M ± SD M ± SD M ± SD M ± SD M ± SD M ± SD M ± SD

Young .95 ± .04 .94 ± .05 .91 ± .06 .85 ± .07 .76 ± .11 .61 ± .13 .40 ± .13
Old .96 ± .04 .94 ± .05 .94 ± .06 .90 ± .08 .87 ± .07 .80 ± .08 .71 ± .12

SNR1 represented the highest recognition accuracy, and SNR7 represented the lowest recognition accuracy. The data in the
table was average accuracy of the target stimulus under each SNR. The specific values of the seven SNR of each group
were also presented in the table.
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high-stress condition, the accuracy of young adults was significantly greater than .5, t (32)
= 2.53, p < .05, Cohen‘s d = .63, while there was no significant difference for the old adults,
t (29) = 0.80, p > .05, Cohen‘s d = .21, which indicated that older adults used a guessing
strategy under the high visual perceptual stress condition. Therefore, in the following
analysis, both young and old adults’ performance of the digit comparison test under high
visual perceptual stress was excluded. The descriptive statistics of performances of proces-
sing speed under the different visual perceptual stress conditions are shown in Table 2.

Speed-Accuracy Trade-Off Check
The correlations of reaction time and accuracy under the different visual perceptual stress
conditions were calculated to check whether a speed-accuracy trade-off occurred. Both
under the medium and non-stress conditions, the correlations of reaction time and
accuracy were not significant, r = .14 and r= .10, respectively, ps > .05. Under low visual
perceptual stress, however, the correlation was significant, r = −.30, p < .05, which suggests
that the more quickly the participants responded, the higher their accuracy was. Moreover,
as the descriptive statistics in Table 2 show, except for the high visual perceptual stress,
young and old adults’ reaction time and accuracy presented this trend under the other
three conditions: reaction time increased gradually while accuracy declined, which may be
related to task difficulty. These results indicated that there was no speed-accuracy trade-
off. Therefore, the average reaction time was an effective indicator for the present study.

Reaction Time
To explore whether age differences of processing speed were influenced by visual
function, a 2 (age group: young and old) × 3 (visual perceptual stress: medium, low,
and non-stress) repeated-measures ANOVA was used. Mauchly’s sphericity test showed
that sphericity was conformed, Mauchly’s W = .92, df = 2, p > .05. The results revealed
a significant effect of age group, F (1, 61) = 36.08, p < .001, η 2

p = .37, and a significant
effect of visual perceptual stress, F (2, 122) = 60.48, p < .001, η 2

p = .50. These results
showed that young adults reacted significantly faster than old adults, and participants’
reaction time increased gradually with the increase of visual perceptual stress. The age
group × visual perceptual stress interaction was not significant, F (2, 122) = 0.89, p > .05,
η 2

p = .01, which meant that age differences did not vary with different visual perceptual
stress, as shown in Figure 2.

Table 2. descriptive statistics of performance of processing speed and working memory under different
visual perceptual stress.

Processing speed (accuracy)
Processing speed

(average reaction time) Working memory

Visual perceptual stress Age group M ± SD M ± SD M ± SD

Higher Young .54 ± .10 4394.64 ± 1647.21 .53 ± .98
Old .51 ± .10 4600.32 ± 3635.50 .10 ± .30

Middle Young .74 ± .11 4024.11 ± 1146.67 1.19 ± .78
Old .68 ± .15 6004.43 ± 2830.72 .58 ± .92

Lower Young .92 ± .11 2924.66 ± 697.47 4.66 ± 2.24
Old .89 ± .15 4744.36 ± 2339.21 2.65 ± 2.37

Non-stress Young .96 ± .04 1649.77 ± 263.06 7.28 ± 1.02
Old .97 ± .03 3001.29 ± 705.03 5.65 ± 2.03
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Working Memory

The descriptive statistics results of operation span are also shown in Table 2. A 2 (age
group: young and old) × 4 (visual perceptual stress: high, medium, low and non-stress)
repeated-measures ANOVA revealed a significant effect of age group, F (1, 61) = 29.65,
p < .001, η 2

p = .33, which showed that young adults’ performance was significantly higher
than that of old adults. Mauchly’s sphericity test showed that sphericity was violated,
Mauchly’s W = .44, df = 5, p < .001. The Greenhouse-Geisser adjusted results of within-
subjects tests showed that a significant effect of visual perceptual stress, F (2.15, 183) =
243.24, p < .001, η 2

p = .80, which showed that participants’ operation span decreased
gradually with the increase of visual perceptual stress. The age group × visual perceptual
stress interaction was significant, F (2.15, 183) = 4.52, p< .05, η 2

p= .07. A simple effect
analysis of the interaction between age group and visual perceptual stress found that
young adults’ performance was overall better than that of old adults under the four
conditions (Table 2): high visual perceptual stress, F (1, 61) = 5.55, p < .05, η 2

p = .08;
medium visual perceptual stress, F (1, 61) = 7.96, p < .05, η 2

p = .12; low visual perceptual
stress, F (1, 61) = 11.98, p < .01, η 2

p = .16; non-stress, F(1, 61) = 16.53, p < .001,
η 2

p = .21. Age differences in operation span under non-stress, low, medium, and high
visual perceptual stress were 1.63, 2.01, .61, and .43, respectively, and the η 2

pwere .21, .16,
.12, and .08, respectively, which indicates that age differences in working memory perfor-
mance decreased when visual perceptual stress became higher. The changing trend of
these age differences is shown in Figure 3.

Particularly, older adults‘ performance in the high visual perceptual stress condition was
too low (the average number of correct calculation and recall was .10) that closed to the
floor effect, which may overestimate the interaction between two independent variables.
Therefore, we re-analyzed the data excluding participants‘ performance under high visual
perceptual stress. Another 2 (age group: young and old) × 3 (visual perceptual stress:
middle, lower and non-stress) repeated-measures ANOVA was also conducted. Mauchly’s
sphericity test showed that sphericity was violated, Mauchly’s W = .87, df = 2, p < .05. The
Greenhouse-Geisser adjusted results of within-subjects tests revealed that the age group ×
visual perceptual stress interaction was significant, F (1.77, 122) = 3.54, p < .05, η 2

p = .06.

Figure 2. Reaction times (ms) for processing speed under different visual perceptual stress.
Note. Plotted values are the means, and error bars represent standard errors. The values of standard
errors were marked next to error bars.
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A simple effect analysis of the interaction between age group and visual perceptual stress
found that young adults’ performance was overall better than that of old adults under the
four conditions (Table 2): medium visual perceptual stress, F (1, 61) = 7.96, p < .05,
η 2

p = .12; low visual perceptual stress, F (1, 61) = 11.98, p < .01, η 2
p = .16; non-stress,

F (1, 61) = 16.53, p < .001, η 2
p = .21. Though the mean value of age differences in operation

span under non-stress and low visual perceptual stress were 1.63 and 2.01, respectively, the
results of a 2 (age group: young and old) × 2 (visual perceptual stress: lower and non-stress)
repeated-measures ANOVA revealed that the age group × visual perceptual stress interac-
tion was not significant, F (1, 61) = .37, p > .05, η 2

p = .00, which means that age differences
for the non-stress condition and low visual perceptual stress condition did not differ
significantly. Additionally, the mean value of age differences in operation span under low
and medium visual perceptual stress were 2.01 and .61, respectively, the η 2

pwere .16 and
.12, respectively, which indicates that age differences in working memory performance
decreased when visual perceptual stress became higher. The changing trend of these age
differences is shown in Figure 4.

Figure 3. Average operation span (working memory) under different visual perceptual stress.
Note. Working memory span corresponds to the number of correct calculation and recall. Plotted values are
the means and error bars represent standard errors. The values of standard errors were marked next to
error bars.

Figure 4. Average operation span (working memory) under different visual perceptual stress.
Note. Working memory span corresponds to the number of correct calculation and recall. Plotted values are
the means and error bars represent standard errors. The values of standard errors were marked next to
error bars.
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Discussion

This study explored the effect of sensory function on age-related differences in processing
speed and working memory by manipulating the level of visual perceptual stress. The
results indicated that visual function did not affect the age difference of processing speed.
In contrast, the age difference of working memory decreased as visual perceptual stress
became higher. We will discuss these results according to the common-cause hypothesis
and information-degradation hypothesis.

Role of Sensory Function in Processing Speed Aging

As shown in Figure 2, both young and old adults’ average reaction time gradually
increased from the non-stress condition to the medium stress condition, which con-
firmed that the increasing noise slowed the participants’ response. However, age differ-
ences in average reaction time did not vary with the different visual perceptual stress,
which indicated that sensory function did not influence processing speed aging, thus,
supporting Hypothesis 1. This result was consistent with previous research, which
showed that sensory function could not sufficiently account for the age-related variance
in processing speed (Anstey et al., 2001; Lindenberger et al., 2001). For example,
Lindenberger et al. (2001) reduced sensory acuity during cognitive assessment to explore
the relation between sensory function and cognitive abilities, and showed that manip-
ulating young and old adults’ visual acuity did not significantly influence age differences
in processing speed performance, which suggests that there is no direct relationship
between these two mechanisms (Lindenberger et al., 2001). Lindenberger and Baltes
(1994) evaluated the relative importance of speed and sensory function in cross-sectional
models of age differences in cognition (Lindenberger & Baltes, 1994). In one model, they
found that speed did not fully mediate the effect of age on sensory function but fully
mediated the effect of age on cognition. This means that the role of processing speed on
cognition is direct and not influenced by sensory function. The present result that aging
of processing speed was not affected by sensory function indicated that it may be
influenced by a common factor beyond the sensory process.

The classical common cause literature has examined processing speed, sensory func-
tion, working memory, and disinhibition as common causes. From the perspective of the
common cause hypothesis and more contemporary work, it is possible that a common
factor related to the general integrity of the aging brain contributes to this relation
between sensory function and processing speed. This common factor, which reflects age-
related physiological changes of the central nervous system, links sensory function and
cognitive performance at the level of brain function (Baltes & Lindenberger, 1997) and
accounts for the age-related variance. In addition, neurobiological research showed that
processing speed aging may be related to changes in brain morphology, for example,
affecting white matter integrity (Kerchner et al., 2012) and other morphological markers
(Null, 2008). The white matter neural atrophy causes neural impulses to slowdown,
which in turn can explain the slowing in behavioral responses (Salthouse, 2000).
Therefore, processing speed aging is more likely to be influenced by the common factor
than by sensory function.
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Role of Sensory Function in Working Memory Aging

As expected, both young and old adults’ performance in the working memory task gradually
decreased from the non-stress to the high-stress condition. Furthermore, compared with the
non-stress condition, age differences of working memory decreased when visual perceptual
stress becomes higher, as shown in Figures 3 and 4, supporting Hypothesis 2. However, age
differences were greater in the low-stress condition than in the medium-stress condition,
suggesting that the low-stress condition had a greater influence on old adults than on young
adults. Thus, the relationship between age and working memory was affected by visual sensory
function. Our findings are largely consistent with the notion that sensory function, as
a fundamental cognitive processing mechanism, can influence working memory aging
(Baldwin & Ash, 2011; Pichora-Fuller, Schneider, & Daneman, 1995; Wood et al., 2010). The
relationship between sensory function and working memory aging can be interpreted by the
information-degradation hypothesis. Age differences in the working memory task varied with
manipulation of visual perceptual stress, and one possible mechanism is that the decline in
sensory function requires aging individuals to invest an increasing amount of cognitive resources
(e.g. attention) in the perceptually blurred operation span. Specifically, sensory function decline
results in increased effortful perceptual processing of stimuli, thereby leaving fewer resources for
processing the working memory task and leading to the deterioration of more central functions
underlying cognitive performance (Sekuler &Blake, 1987). Another explanation, the direct cause
perceptual degradation hypothesis, proposes that the perceptual degradation of stimuli due to
sensory decline prevents their correct identification, thereby resulting in poorer cognitive
performance in tasks relying on such stimuli (Owsley et al., 1998). Perceptual and cognitive
functions represent parts of an integrated system, sharing a number of processing resources. It
should be evident that losses in any part of the system will stress other parts of the system,
especially when informational, complex operations are performed.

Additionally, workingmemory age differences could be accounted for by processing speed in
the previous studies. In the current study results, the age differences in working memory still
existed even under medium stress. This indicated that there may be another factor accounting
for the age differences in working memory. Processing speed may be one of those factors. Thus,
to clarify the effect of processing speed on age differences in working memory, the predictive
effect of processing speed on the age differences in working memory, respectively, under
non-stress, low and medium visual perceptual stress was analyzed. The results showed that
processing speed indeed had a predictive effect on age differences in working memory under
non-stress (B = – .001, SE = .000, t = −2.29, p < .05, ΔR2 = .06). Under visual perceptual stress,
the effect of processing speed disappeared, whichmay indicate that the effect of processing speed
is not as great as that of vision (low visual perceptual stress: B = .000, SE = .001, t = .09, p > .05,
ΔR2 = .00; medium visual perceptual stress: B = .000, SE = .000, t = 1.43, p > .05, ΔR2 = .03).
Thus, the remaining age differences in working memory under medium visual perceptual stress
may be due to memory itself, or another unknown factor.

The present research is consistent with several previous studies (Lindenberger et al., 2001;
Pichora-Fuller et al., 1995). For example, Pichora-Fuller et al. (1995) explored age-related
differences in identification and recall of sentence-final words heard on a babble back-
ground. They proposed that as SNR decreased, more processing resources were allocated to
auditory perception in the old subjects, which made these resources unavailable for more
central cognitive processes such as the storage and retrieval functions of working memory.
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Consequently, the age effect on recall would be reduced or perhaps even disappear if there
were no age-related differences in perceptual processing. Another similar study in the visual
modality explained the effect of sensory function aging on cognitive aging with the sum of
cognitive resources that can be divided into sensory and cognitive processing resources
(Mao & Peng, 2015). When sensory processing occupies more resources, fewer resources
remain for cognitive processing. Due to the aging process, young adults’ total capacity of
cognitive resources is greater than that of old adults. Moreover, young adults have better
visual function, which makes their sensory processing occupy fewer resources, and more
resources for cognitive processing will be available. Therefore, as visual perceptual stress
increased, the young adults’ visual function was compromised in the present study, and they
needed to allocate more resources to sensory processing, leaving fewer resources to perform
the working memory task. Thus, they performed as poorly as the old adults, which caused
age differences to decrease as visual perceptual stress increased.

Although the present results are consistent with greater sensory load being associated
with cognitive performance, this also consistent with a resource decrement model of
aging. Moreover, Li, Allen, Lien, and Yamamoto (2017) were not consistent with even
a resource decrement model of aging. They found similar perceptual learning (on a slant
detection task) in both younger and older adults, but older adults seem to show a larger
improvement in working memory after training than younger adults did (Li et al., 2017).
Thus, we infer that sensory function may not directly affect working memory function.
There may be other factors, such as strategy (Craik & Byrd, 1982), executive functioning
and perceptual learning (Li et al., 2017) that together with sensory function affect working
memory aging since age differences in the working memory task did not completely
disappear with the increase of visual perceptual stress.

Limitations and Future Directions

The present study found that visual function decline had a negative impact on working
memory and processing speed performance, and age differences in working memory, but
not in processing speed, were affected by visual function. Due to the age-related decline of
visual function, it is necessary to provide old adults with favorable sensory circumstances,
such as bright illumination and clear appropriate typeface, which will benefit old adults
and lead to better cognitive performance. Old adults can also wear appropriate prescrip-
tion glasses or use magnifying glasses when they browse for information so as to eliminate
the influence of visual function. Although the two proposed hypotheses were confirmed,
there are some limitations in the current study.

First, the present study only investigated the role of visual function in processing speed and
working memory aging. To achieve this, the generation of visual perceptual stress was based
on contrast sensitivity, which is typically defined as the threshold an individual needs for
distinguishing between object and background (Langagergaard, Ganer, & Baggesen, 2003).
However, in daily life, old adults face many other kinds of visual function decline affecting
visual acuity, visual fields, visual search, and others (Glynn et al., 1991; Nebes & Madden,
1983). Whether these kinds of visual function decline will have a similar impact on processing
speed and working memory aging needs to be considered in future studies.

Second, age differences in the working memory task did not completely disappear with the
increase of visual perceptual stress; namely, old adults’ operation span performance was still
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poorer than that of young adults under high visual perceptual stress. This result may indicate
that except for the allocation of resources, there may be other factors, such as strategy (Craik &
Byrd, 1982), executive functioning and perceptual learning (Li et al., 2017) that together with
sensory function affect working memory aging. Thus, working memory deficits are not just
affected by visual task difficulty. Thus, the essential factors of workingmemory aging and their
relationships with other cognitive mechanisms need to be further explored.

Third, it is worth noting that the essential cause of processing speed aging is not yet
completely clear and unlikely to be revealed with behavioral research only. Therefore,
research applying various neurobiological methods is necessary to further investigate the
essential causes of age-related processing speed changes. Future research needs to explore
the structure and function of specific brain regions associated with processing speed aging.
In addition, a multidisciplinary, holistic perspective to reveal the mechanisms of proces-
sing speed aging is imperative, which will also contribute to a better understanding of the
relationship between sensory function and processing speed aging.

Fourth, the experimental manipulation of stimulus visual quality likely overestimates
the impact of sensory function on age group differences, since experimental manipulations
should have a greater effect on older adults due to age-related slowing of perceptual
processing (Monge & Madden, 2016; Salthouse, 1996, 2000) and in some cases insufficient
cognitive/neural top-down mechanisms, as a result of age-related neural degeneration
(Raz et al., 2005), being unable to compensate for decreased bottom-up, perceptual signals
in older adults. There was no reference made to the top-down accommodation that occurs
in healthy aging that enables aging individuals to maximize performance based on their
remaining resources, which also urge us to explore the internal processing mechanism of
resource allocation in our future research.

Disclosure of interest

The authors report no conflicts of interest.

Funding

This work was supported by the National Natural Science Foundation under Grant number
[31000466].

References

Anstey, K. J., Horswill, M. S., Wood, J. M., & Hatherly, C. (2012). The role of cognitive and visual
abilities as predictors in the multifactorial model of driving safety. Accident Analysis &
Prevention, 45, 766–774. doi:10.1016/j.aap.2011.10.006

Anstey, K. J., Luszcz, M. A., & Sanchez, L. (2001). A reevaluation of the common factor theory of shared
variance among age, sensory function, and cognitive function in older adults. The Journals of
Gerontology Series B: Psychological Sciences and Social Sciences, 56(1), 3–11. doi:10.1093/geronb/56.1.P3

Baldwin, C. L., & Ash, I. K. (2011). Impact of sensory acuity on auditory working memory span in
young and older adults. Psychology and Aging, 26(1), 85–91. doi:10.1037/a0020360

Baltes, P. B., & Lindenberger, U. E. (1997). Emergence of a powerful connection between sensory
and cognitive functions across the adult life span: A new window to the study of cognitive aging?
Psychology and Aging, 12(1), 12–21.

Clay, O. J., Edwards, J. D., Ross, L. A., Okonkwo, O., Wadley, V. G., Roth, D. L., & Ball, K. K. (2009).
Visual function and cognitive speed of processing mediate age-related decline in memory span and
fluid intelligence. Journal of Aging and Health, 21(4), 547–566. doi:10.1177/0898264309333326

248 L. JI ET AL.

http://dx.doi.org/10.1016/j.aap.2011.10.006
http://dx.doi.org/10.1093/geronb/56.1.P3
http://dx.doi.org/10.1037/a0020360
http://dx.doi.org/10.1177/0898264309333326


Craik, F. I. M., & Byrd, M. (1982). Aging and cognitive deficits: The role of attentional resources. In
F. I. M. Craik & S. Trehub (Eds.),Aging and cognitive processes (pp. 191–211). NewYork: PlenumPress.

Gao, Y., Peng, H., & Wen, J. (2014). The training effect of working memory based on central
executive system intervention in older adults: A randomized controlled study. Journal of Adult
Development, 21(2), 80–88. doi:10.1007/s10804-013-9181-7

Gerstorf, D., Ram, N., Lindenberger, U., & Smith, J. (2013). Age and time-to-death trajectories of
change in indicators of cognitive, sensory, physical, health, social, and self-related functions.
Developmental Psychology, 49(10), 1805–1821. doi:10.1037/a0031340

Ghisletta, P., & Lindenberger, U. (2005). Exploring structural dynamics within and between sensory
and intellectual functioning in old and very old age: Longitudinal evidence from the Berlin aging
study. Intelligence, 33(6), 555–587. doi:10.1016/j.intell.2005.07.002

Glynn, R. J., Seddon, J. M., Krug, J. H., Sahagian, C. R., Chiavelli, M. E., & Campion, E. W. (1991).
Falls in elderly patients with glaucoma. Archives of Ophthalmology, 109(2), 205–210.

Gunning-Dixon, F. M., & Raz, N. (2000). The cognitive correlates of white matter abnormalities in
normal aging: A quantitative review. Neuropsychology, 14(2), 224–232.

Hofer, S.M., Berg, S., & Era, P. (2003). Evaluating the interdependence of aging-related changes in visual
and auditory acuity, balance, and cognitive functioning. Psychology and Aging, 18(2), 285–305.

Houston, J. R., Bennett, I. J., Allen, P. A., & Madden, D. J. (2016). Visual acuity does not moderate
effect sizes of higher-level cognitive tasks. Experimental Aging Research, 42(3), 221–263.
doi:10.1080/0361073X.2016.1156964

Kerchner, G. A., Racine, C. A., Hale, S., Wilheim, R., Laluz, V., Miller, B. L., & Kramer, J. H. (2012).
Cognitive processing speed in older adults: Relationship with white matter integrity. PloS one, 7
(11), e50425. doi:10.1371/journal.pone.0050425

La Fleur, C. G., & Salthouse, T. A. (2014). Out of sight, out of mind? Relations between visual acuity
and cognition. Psychonomic Bulletin & Review, 21(5), 1202–1208. doi:10.3758/s13423-014-0594-5

Langagergaard, U., Ganer, H. J., & Baggesen, K. (2003). Age-related macular degeneration: Filter
lenses help in certain situations. Acta Ophthalmologica Scandinavica, 81(5), 455–458.

Li, X., Allen, P. A., Lien, M. C., & Yamamoto, N. (2017). Practice makes it better: A psychophysical
study of visual perceptual learning and its transfer effects on aging. Psychology and Aging, 32(1),
16–27. doi:10.1037/pag0000145

Lindenberger, U., & Baltes, P. B. (1994). Sensory functioning and intelligence in old age: A strong
connection. Psychology and Aging, 9(3), 339–355.

Lindenberger, U., Scherer, H., & Baltes, P. B. (2001). The strong connection between sensory and
cognitive performance in old age: Not due to sensory acuity reductions operating during
cognitive assessment. Psychology and Aging, 16(2), 196–205.

Mao, X., & Peng, H. (2015). The role of visual perceptual stress in primary mental ability aging.
Acta Psychologica Sinica, 47(1), 29–38. doi:10.3724/SP.J.1041.2015.00029

Monge, Z. A., & Madden, D. J. (2016). Linking cognitive and visual perceptual decline in healthy
aging: The information degradation hypothesis. Neuroscience & Biobehavioral Reviews, 69,
166–173. doi:10.1016/j.neubiorev.2016.07.031

Murphy, D. R., Craik, F. I., Li, K. Z., & Schneider, B. A. (2000). Comparing the effects of aging and
background noise on short-term memory performance. Psychology and Aging, 15(2), 323–334.
doi:10.1037/0882-7974.15.2.323

Nebes, R. D., & Madden, D. J. (1983). The use of focused attention in visual search by young and
old adults. Experimental Aging Research, 9(3), 139–143. doi:10.1080/03610738308258442

Null, M. (2008). Relationships among brain morphology, processing speed, and age. The University of
Texas at San Antonio.

Owsley, C., Ball, K., McGwin, G., Jr, Sloane, M. E., Roenker, D. L., White, M. F., & Overley, E. T.
(1998). Visual processing impairment and risk of motor vehicle crash among older adults. JAMA,
279(14), 1083–1088.

Papp, K. V., Kaplan, R. F., Springate, B., Moscufo, N., Wakefield, D. B., Guttmann, C. R., &
Wolfson, L. (2014). Processing speed in normal aging: Effects of white matter hyperintensities
and hippocampal volume loss. Aging, Neuropsychology, and Cognition, 21(2), 197–213.
doi:10.1080/13825585.2013.795513

EXPERIMENTAL AGING RESEARCH 249

http://dx.doi.org/10.1007/s10804-013-9181-7
http://dx.doi.org/10.1037/a0031340
http://dx.doi.org/10.1016/j.intell.2005.07.002
http://dx.doi.org/10.1080/0361073X.2016.1156964
http://dx.doi.org/10.1371/journal.pone.0050425
http://dx.doi.org/10.3758/s13423-014-0594-5
http://dx.doi.org/10.1037/pag0000145
http://dx.doi.org/10.3724/SP.J.1041.2015.00029
http://dx.doi.org/10.1016/j.neubiorev.2016.07.031
http://dx.doi.org/10.1037/0882-7974.15.2.323
http://dx.doi.org/10.1080/03610738308258442
http://dx.doi.org/10.1080/13825585.2013.795513


Park, D. C. (2000). The basic mechanisms accounting for age-related decline in cognitive function.
Cognitive Aging: A primer, 11(1), 3–19.

Peng, H., Gao, Y., & Mao, X. (2017). The roles of sensory function and cognitive load in age
differences in inhibition: Evidence from the stroop task. Psychology and Aging, 32(1), 42–50.
doi:10.1037/pag0000149

Peng, H., Shen, J., & Wang, D. (2004). The role of working memory capacity and processing speed
in inductive reasoning aging. Psychological Science, 27(3), 536–539.

Peng, H., Wen, J., Wang, D., & Gao, Y. (2012). The impact of processing speed training on working
memory in old adults. Journal of Adult Development, 19(3), 150–157. doi:10.1007/s10804-012-9142-6

Pichora-Fuller, M. K., Schneider, B. A., & Daneman, M. (1995). How young and old adults listen to
and remember speech in noise. The Journal of the Acoustical Society of America, 97(1), 593–608.

Raz, N., Lindenberger, U., Rodrigue, K. M., Kennedy, K. M., Head, D., Williamson, A., …
Acker, J. D. (2005). Regional brain changes in aging healthy adults: General trends, individual
differences and modifiers. Cerebral Cortex, 15(11), 1676–1689. doi:10.1093/cercor/bhi044

Salthouse, T. A. (1996). The processing-speed theory of adult age differences in cognition.
Psychological Review, 103(3), 403–428.

Salthouse, T. A. (2000). Aging and measures of processing speed. Biological Psychology, 54(1), 35–54.
Salthouse, T. A. (2009). When does age-related cognitive decline begin? Neurobiology of Aging, 30

(4), 507–514. doi:10.1016/j.neurobiolaging.2008.09.023
Salthouse, T. A., Hancock, H. E., Meinz, E. J., & Hambrick, D. Z. (1996). Interrelations of age, visual

acuity, and cognitive functioning. The Journals of Gerontology Series B: Psychological Sciences and
Social Sciences, 51(6), 317–330. doi:10.1093/geronb/51B.6.P317

Salthouse, T. A., & Meinz, E. J. (1995). Aging, inhibition, working memory, and speed. The Journals
of Gerontology Series B: Psychological Sciences and Social Sciences, 50(6), 297–306. doi:10.1093/
geronb/50B.6.P297

Schneider, B. A., Daneman, M., Murphy, D. R., & See, S. K. (2000). Listening to discourse in
distracting settings: The effects of aging. Psychology and Aging, 15(1), 110–125.

Schneider, B. A., & Pichora-Fuller, M. K. (2000). Implications of perceptual deterioration for
cognitive aging research. In F. I. M. Craik & T. A. Salthouse (Eds.), The handbook of aging
and cognition (2nd ed., pp. 155–219). Mahway, NJ: Erlbaum.

Sekuler, R., & Blake, R. (1987). Sensory underload. Psychology Today, 21(12), 48–51.
Shen, J., Wang, D., Peng, H., & Tang, D. (2003). The effects of mediators on the aging of primary

mental ability. Acta Psychologica Sinica, 35(6), 802–809.
Speranza, F., Daneman, M., & Schneider, B. A. (2000). How aging affects the reading of words in

noisy backgrounds. Psychology and Aging, 15(2), 253–258.
Tam, H. M., Lam, C. L., Huang, H., Wang, B., & Lee, T. M. (2015). Age-related difference in

relationships between cognitive processing speed and general cognitive status. Applied
Neuropsychology: Adult, 22(2), 94–99. doi:10.1080/23279095.2013.860602

Tuokko, H., Hadjistavropoulos, T., Miller, J. A., & Beattie, B. L. (1992). The clock test: A sensitive
measure to differentiate normal elderly from those with Alzheimer disease. Journal of the
American Geriatrics Society, 40(6), 579–584.

Wood, J. M., Chaparro, A., Anstey, K., Lacherez, P., Chidgey, A., Eisemann, J., … La, P. (2010).
Simulated visual impairment leads to cognitive slowing in older adults. Optometry and Vision
Science, 87(12), 1037–1043. doi:10.1097/OPX.0b013e3181fe64d7

250 L. JI ET AL.

http://dx.doi.org/10.1037/pag0000149
http://dx.doi.org/10.1007/s10804-012-9142-6
http://dx.doi.org/10.1093/cercor/bhi044
http://dx.doi.org/10.1016/j.neurobiolaging.2008.09.023
http://dx.doi.org/10.1093/geronb/51B.6.P317
http://dx.doi.org/10.1093/geronb/50B.6.P297
http://dx.doi.org/10.1093/geronb/50B.6.P297
http://dx.doi.org/10.1080/23279095.2013.860602
http://dx.doi.org/10.1097/OPX.0b013e3181fe64d7


Appendix

Note. Working memory span corresponds to the number of correct calculation and recall.

Note. Working memory span corresponds to the number of correct calculation and recall.
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