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level (e.g., pupillometry). More recently, pupillometry has 
gained considerable attention as a measure of higher-level 
cognitive-linguistic processing, demonstrating that the pupil 
dilation from pupillometry can be a biological window into 
a higher level of mental activities and effort. In general, as 
the difficulty of cognitive tasks increases, the pupils tend to 
dilate [1]. Conversely, when the cognitive load of a task sta-
bilizes, the pupils tend to decrease or contract in a rest [2]. 
Moreover, when the processing demands exceed ones’ cog-
nitive capacity, the pupil size decreases [3]. Thus, cognitive 
load can influence the variability in the pupil dilation and 
contraction responses between individuals. Furthermore, 
due to the practical and clinical utility of pupillometry as a 
non-invasive method, it has been applied to diverse popula-
tions of interest such as infants [4] and clinical populations 
with neurological disorders [5] along with various tasks 
measuring different domains of mental activities such as 
memory [6, 7], language [8, 9], and emotion [10]. The cur-
rent study employed the pupillometry to examine real-time 
evidence of aging-related changes to short-term memory 
tasks as cognitive load increased.

1 Introduction

Research has demonstrated that mental activities can be 
captured using physiological tools measured at the brain 
level (e.g., electroencephalogram, EEG) or at the peripheral 
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Abstract
This study investigated whether there are aging-related differences in pupil dilation (pupillometry) while the cognitive load 
is manipulated using digit- and word-span tasks. A group of 17 younger and 15 cognitively healthy older adults performed 
digit- and word-span tasks. Each task comprised three levels of cognitive loads with 10 trials for each level. For each 
task, the recall accuracy and the slope of pupil dilation were calculated and analyzed. The raw signal of measured pupil 
size was low-pass filtered and interpolated to eliminate blinking artifacts and spike noises. Two-way ANOVA was used 
for statistical analyses. For the recall accuracy, the significant group differences emerged as the span increases in digit-
span (5- vs. 7-digit) and word-span (4- vs. 5-word) tasks, while the group differences were not significant on 3-digit- and 
3-word-span tasks with lower cognitive load. In digit-span tasks, there was no aging-related difference in the slope of pupil 
dilation. However, in word-span tasks, the slope of pupil dilation differed significantly between two groups as cognitive 
load increased, indicating that older adults presented a higher pupil dilation slope than younger adults especially under 
the conditions with higher cognitive load. The current study found significant aging effects in the pupil dilations under 
the more cognitive demanding span tasks when the types of span tasks varied (e.g., digit vs. word). The manipulations 
successfully elicited differential aging effects, given that the aging effects became most salient under word-span tasks with 
greater cognitive load especially under the maximum length.
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Short-term memory (STM) refers to the short-term stor-
age buffer that maintains information units [11, 12], and it 
has been traditionally measured using digit-span tasks [13–
15], in which participants are required to recall the digits 
that they heard. Considering that STM tasks are regarded 
as an index of cognitive capacity, aging-related cognitive 
decline is often measured using STM tasks. It is well-known 
that older adults do not perform as well in the STM tasks as 
younger adults, suggesting that cognitive capacity reduces 
with age [16, 17]. However, it is still controversial whether 
the aging-related reduction in cognitive capacity affects 
real-time interpretive information processing or post-inter-
pretive levels of processing [18; series of the debates]. As 
a real-time measure of cognitive load using STM tasks, the 
pupillometry has been used in several studies with diverse 
population groups such as normal populations from chil-
dren to aging or neurogenic populations. Johnson et al. [19] 
applied the pupillometry using digit-span tasks to examine 
real-time differences in STM capacity between children 
(mean age = 10.6 years) and adults (mean age = 27.5 years). 
As a result, the pupils of children dilated similarly to those 
of adults under the 6-digit condition. However, the group 
differences emerged as the digit-span increased up to 9-digit, 
demonstrating that pupil dilation continuously increases in 
adults as the digit load grows, whereas children’s pupil con-
tracted when the span exceeded 6-digit. The authors sug-
gested that the pupillometry can be used as a measure to 
reveal developmental changes in cognitive processing.

Another line of research regarding STM and pupillom-
etry derives from evidence collected on aging populations. 
Piquado et al. [20] investigated aging-related changes in 
pupil dilation as a function of cognitive load, as measured 
by digit-span recall and tasks. Pupil dilation gradually 
increases as the digit-span increases in both younger and 
older adults. However, no significant aging-related differ-
ences were observed in pupil dilation while the participants 
listened to the digits. In contrast, significant group differ-
ences emerged during the retention period, which refers to 
the time interval after the subjects finished listening and 
before they were required to recall. The results suggested 
that the impacts related to aging depend on the time point 
when the pupil dilation is measured, indicating that aging-
related differences are predominant at the stage of actively 
retaining the information rather than passively listening to 
the digits.

More recently, pupillometry was applied to at-risk 
aging populations like those with mild cognitive impair-
ment (MCI), a transitional stage between normal aging and 
dementia [21]. Amnestic MCI has been reported as carry-
ing a higher rate of conversion to Alzheimer’s disease than 
other types [22]. Granholm et al. [21] investigated the pupil-
lary responses of participants listening to digit-span tasks 

by comparing cognitively normal to amnestic and non-
amnestic MCI groups. Amnestic MCI individuals demon-
strated greater pupil dilation than non-amnestic MCI and 
the cognitively normal control group. Authors argued that 
pupil responses are sensitive enough to classify the amnes-
tic MCI group as high risk, compared to normal aging and 
non-amnestic MCI groups. Thus pupillometry using STM 
tasks may serve as a biomarker for the early detection of 
neurodegenerative disease.

According to previous studies, pupillometry offers the 
potential for early detection of aging-related cognitive 
decline. However, it should be noted that Piquado et al. 
[20] found the effects related to aging only in the retention 
period, not in the listening stage, while the amnestic MCI 
group showed differences in pupil dilation while listening 
to the digits [21]. Those differences seem to be related to 
individual differences in cognitive capacity, meaning that 
real-time differences in pupil dilation could become more 
distinct as cognitive capacity reduces. We speculate that the 
non-significant results in the listening stage from Piquado et 
al. [20] were possibly the result of digit-span measures that 
were not cognitively taxing enough to induce aging-related 
differences. Therefore, to increase cognitive demands, we 
administered word-span tasks added to the measurement 
with digit-span tasks to examine whether aging-related 
cognitive decline can be observed using pupillometry. The 
word-span systematically increases, and the participant 
must recall the words that are presented in a given span. It is 
identical to the way in which the digit-span is administered 
[23]. The differences arise in the unit that they recall: digits 
vs. words. Word-span tasks required the activation of the 
semantic features of language domains, and the demands on 
linguistic memory are known to increase the cognitive bur-
dens of the tasks [24]. Researchers have found that people 
demonstrated greater difficulties with word-span rather than 
digit-span tasks [25].

The current study investigates whether the aging-related 
differences emerged in pupil dilation as the cognitive load 
was systematically manipulated using digit and word-span 
tasks. We hypothesized that the word-span may induce 
significant aging effects during the span tasks because it 
requires greater cognitive and linguistic demands than the 
digit-span. Specific aims of the study include (1) to examine 
age group differences in the recall accuracy of digit- and 
word-span tasks as a function of cognitive load, and (2) to 
explore aging-related differences in the slope of pupil dila-
tion as the cognitive load systematically increases.
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2 Materials and methods

2.1 Participants

A total of 32 individuals participated in the study with two 
age groups: younger adults (n = 17; mean age = 24.35 ± 3.59 
years) and older adults (n = 15; mean age = 63 ± 2.88 years). 
All of them met the following inclusion and exclusion cri-
teria: (1) native Korean speakers, (2) no history of mental 
or neurological disorders, as per the screening exclusion 
criteria [26], (3) no problems with vision or hearing stimuli 
above 30 dB [27], which was required to perform the tasks, 
(4) no problems with listening and comprehending lan-
guage, and (5) more than nine years of education. The mean 
years of education did not differ significantly between the 
groups (F(1.31) = 0.023, p > .05). Both groups should also 
meet the inclusion criteria in mental state, verbal learning, 
and depression scale (Supplementary Table 1). The studies 
involving human participants were reviewed and approved 
by the Institutional Review Board of Ewha Womans Univer-
sity (EWIRB-202205-0032-01). The participants provided 
their written informed consent to participate in this study.

2.2 Cognitive tasks

The cognitive tasks include digit-span tasks and word-span 
tasks that are simple behavioral measures of verbal STM 
capacity. In both tasks, the subjects hear increasingly lon-
ger sequences of digits or words and immediately attempt 
to recall them in the same order. Digit-span tasks referred 
to Digit Forward Recall of K-WAIS (Korean Wechsler 
Adult Intelligence) [28], and word-span tasks referred to 
the Korean Word Forward Test demonstrated in the study 
by Sung [29]. All word lists were prepared, based on the 
vocabulary frequency of Yonsei Corpus I [30] according to 
the criteria presented by Sung [29]. Table 1 shows example 
of two tasks with different spans.

Digit-span tasks consisted of a total of 30 lists. These lists 
were divided into spans of 3-, 5-, and 7-digit, each consist-
ing of 10 lists. The 30 lists were further organized into two 
blocks, with each block consisting of 15 lists. Five lists were 
randomly selected for each span to make one block, and 
the other block was made using the remaining lists in each 

span. The sequence of span tasks was pseudo-randomized 
to ensure that the same span items weren’t presented three 
times consecutively with the same span. Additionally, word-
span tasks consisted of a total of 30 lists. These lists were 
divided into spans of 3-, 4-, and 5-word, each consisting of 
10 lists. The blocks for word-span tasks were created in the 
same manner as those for digit-span tasks. The lists within 
a block were created to have different initial phonemes, and 
any consecutive occurrence of the same word three or more 
times was controlled. Participants were given the lists in the 
same order, in which the order of items was randomized for 
each list.

2.3 Experimental procedure

To calibrate the individual variability of the pupil size, every 
participant’s pupil size was measured and converted into the 
pixel size. After calibration, the pupil sizes of each partici-
pant were measured every 10 s in the order of dark, gray, 
and light to measure physiologically maximum (dark phase) 
and minimum (light phase) pupil size. Next, the participants 
listened to cognitive tasks at the same volume using ear-
phones while looking at the fixation cross (+) on the screen. 
At the end of each list, a beep sound was provided after 
three seconds, and they recalled in the same order without 
time limit. Every fifteen stimulus lists, participants received 
a three- to five-minute break to reduce eye fatigue (Fig. 1a).

Prior to the experiment, all participants were confirmed 
to have no issues in perceiving stimuli at a level of 30 
dB and higher. All stimuli were recorded by professional 
Korean voice actresses and standardized to a sound pres-
sure level of 70–75 dB using GoldWave (GoldWave Digital 
Audio Editor, version 6.57). To return the dilated pupil to its 
innate size, each list began with a 1.5-second silent baseline. 
Also, at the end of each list, a beeping sound was delivered 
as a recall start signal following a three-second retention 
interval. During the voice stimuli for tasks, the interval was 
one second between each digit or word. Digit-span tasks 
took 8.0, 10.8, and 13.6 s for 3-, 5-, and 7-digit lists, and 
the word-span task took 8.8, 10.2, and 11.6 s for 3-, 4-, and 
5-word lists, respectively.

Since pupillometry is very sensitive to environmental 
factors, including light, emotional and physical stimuli, and 
distance between the pupillometry device and the partici-
pant, the whole tasks were performed in a room with specific 
conditions and participants were required to maintain spe-
cific stances (Fig. 1b). Pupil sizes and eye movements were 
recorded binocularly using an infra-red video-oculography 
system (Eyelink portable Duo, SR Research), and the entire 
experiment was performed with Experimental Builder soft-
ware (SR Research, Canada). The pupil sizes were sampled 

Table 1 Examples of digit-span tasks and word-span tasks (The word 
span is originally in Korean, but it written in English to aid understand-
ing.)
span Examples of 

digit-span tasks
span Examples of word-

span tasks
3-digit 2–6 – 9 3-word apple – mirror – arm
5-digit 6–8 – 3–7 – 1 4-word school – money – 

farmer – rat
7-digit 1– 6–4 – 8–3 

– 5–9
5-word eye – wing – nose – 

tower – pants
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2.4.1 Recall accuracy

The recall accuracy was calculated from each list of the 
tasks. Recall accuracy serves as an offline measure, involv-
ing the recording of participants’ behavioral and physiologi-
cal data during the experiment for subsequent analysis. It 
was determined as the percentage of lists that were correctly 
recalled in both items and order for each cognitive task (dig-
its or words).

at 1 kHz, and the positions were calibrated based on nine 
points at the beginning of the experiments [31].

2.4 Data analysis

In this study, two different types of data were obtained to 
detect the aging effect: recall accuracy as an offline measure 
and pupil dilation as an online measure.

Fig. 1 Display of an overall experimental paradigm. (a) Experimen-
tal procedures. (b) Environmental conditions. The participant was 
required to continuously stare at a black cross (2 × 2 cm2) on a gray 
screen (3 fL) during experiments for visual fixing. An environment 

with consistent ambient light (100 lx, whole room), a sound-attenuated 
room, and a fixed distance between participants and the pupillometry 
device were maintained for the experiment
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pupil diameter were calculated, and statistical analysis was 
conducted on the data.

2.5 Statistical analyses

A two-way mixed repeated-measures analysis of variance 
(ANOVA) was performed to determine if there were any 
significant differences in pupil responses between younger 
and older groups while performing the cognitive tasks. Sta-
tistical significance was indicated by p-value under 0.05. 
Mauchly’s sphericity test was performed for the repeated 
measures ANOVA, and when the sphericity assumption was 
not satisfied, the degrees of freedom and F value corrected 
by Greenhouse-Geisser were analyzed. The data was ana-
lyzed with SPSS ver. 26 (SPSS Inc., Chicago, IL, USA).

3 Results

3.1 The recall accuracy

3.1.1 Digit-span tasks

In digit-span tasks, younger adults correctly recalled 
100%, 98.23%, and 86.47% and older adults correctly 
recalled 99.33%, 90.67%, and 65.33% of the 3-, 5-, and 
7-digit conditions, respectively (Fig. 3a). As a result of 2 
(group) × 3 (length of span) ANOVA, the main effect of 
the groups was significant (F(1,30) = 14.949, p = .001). 
That is, the recall accuracy of the older group (M = 85.111, 
SE = 1.846) was significantly lower than that of the 
younger group (M = 94.902, SE = 1.734). The main effect 
for the length of span (3-, 5-, 7-digit) was significant 
(F(1.147,34.421) = 33.165, p = .000). As a result of post-hoc 
testing using Bonferroni, the differences between 3-digit 
and 5-digit, 3-digit and 7-digit, 5-digit and 7-digit condi-
tions were all significant (p < .01). There was a significant 
two-way interaction between the group and length of span 
(F(1.147,34.421) = 5.765, p = .018). For post-hoc analyses 
of the significant interaction, one-way ANOVAs between 
younger and older groups were performed for each length 
of span. The results showed that the difference between 
the two groups was not significant in 3-digit conditions 
with low cognitive load (F(1,31) = 1.138, p = .295). How-
ever, as the cognitive load increased, such as with 5-digit 
(F(1,31) = 10.217, p = .003) and 7-digit (F(1,31) = 8.783, 
p = .006) conditions, the recall accuracy of the older group 
significantly decreased compared to the younger group.

Recall accuracy [%] =
Number of correct lists

Totalnumberof lists
× 100

2.4.2 Pupil size

To eliminate innate differences in pupil size between par-
ticipants and trials, absolute values of pupil size were nor-
malized with respect to the maximum pupil size, which are 
referred to as pupil dilation (PD) in this paper. Maximum 
pupil size was obtained when gazing at a dark screen. The 
data were segmented and averaged by the duration of each 
task. Thus the normalized value, PD, was utilized to repre-
sent pupil size.

Pupil dilation (PD) [%] =
Measured pupil size [mm]
Maximumpupil size [mm]

× 100

The slope of pupil dilation (PD) was also calculated from 
each task list, serving as an online measure that involves col-
lecting real-time data. The slope of PD was determined by 
calculating the difference in pupil size per second between 
the first and last span, which indicates the change in pupil 
dilation during that specific time period, in order to compare 
different span tasks in the same time scale. Instead of com-
parison with direct PD, the slope of PD was used for statisti-
cal analyses because this parameter from linear regression 
could represent more effective for complex psycholinguistic 
research [32].

Slope of PD [% / sec] =
(Average of PD of last span) − (Average of PD of first span) [%]

Total duration of a list [sec]
× 100

To ensure the acquisition of reliable pupil data, a series of 
signal processes were employed as shown in Fig. 2. The 
analyses were conducted using custom-made MATLAB 
scripts (Matlab 2020b, Mathworks, Natick, MA).

After the recording of pupil size, data processing was 
performed to remove noise and transform it into a suitable 
format for analysis (Fig. 2). The pupil dilation data was ana-
lyzed on a per-list basis. There were two types of noise in 
the pupil data: blink-related noise and saccade-related noise. 
To address blink-related noise, such as blink artifacts and 
spikes, a method leveraging the specific characteristics of 
each type of noise was used for identification and removal. 
The gaps created by the removal of blink artifacts and 
spikes were filled using linear interpolation. For saccade-
related noise, 10 Hz fourth-order Butterworth filter with a 
zero-phase shift lowpass filter and local regression (LOESS; 
locally estimated scatterplot smoothing) were applied 
to effectively remove the noise [33]. Following the noise 
reduction process, the pupil diameter and the slope of the 
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and 4-word, 3-word and 5-word, 4-word and 5-word con-
ditions were all significant (p = .000). There was a consid-
erable two-way interaction between group and length of 
span (F(2,60) = 49.033, p = .000). For post-hoc analyses 
of the significant interaction, one-way ANOVAs between 
younger and older groups were performed for each length 
of span. The results showed that the difference between 
the two groups was not significant in 3-word conditions 
with low cognitive load (F(1,31) = 2.173, p = .151). How-
ever, as the cognitive load increased, such as with 4-word 
(F(1,31) = 26.549, p = .000) and 5-word (F(1,31) = 84.643, 
p = .000) conditions, the recall accuracy of the older group 
significantly decreased compared to the younger group.

3.1.2 Word-span tasks

In word-span tasks, younger adults correctly recalled 100%, 
98.23%, and 87.64% and older adults correctly recalled 
98%, 78%, and 32% of the 3-, 4-, and 5-word conditions, 
respectively (Fig. 3b). As a result of 2 (group) × 3 (length 
of span) ANOVA, the main effect of the groups was signifi-
cant (F(1,30) = 86.049, p = .000). The recall accuracy of the 
older group (M = 69.33, SE = 2.04) was significantly lower 
than that of the younger group (M = 95.29, SE = 1.91). The 
main effect for the length of span (3-, 4-, 5-word) was sig-
nificant (F(2,60) = 107.79, p = .000). As a result of post-hoc 
testing using Bonferroni, the differences between 3-word 

Fig. 2 Flowchart of data analysis. σ = standard deviation of pupil size. 
The blinking of the eye can generate two types of noise: blink artifacts, 
which detect excessively low pupil size values (depicted by the yellow 

box), and spikes, which detect rapidly changing pupil size caused by 
variations in light intensity (depicted by the orange box). The green 
box represents the process of noise removal
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3- and 7-digit (p = .005), whereas differences between 
5- and 7-digit conditions were not significant, p = 536. 
However, there were not significant effects for the group 
(F(1,30) = 0.906, p = .349) and the two-way interaction 
(F(2, 60) = 0.361, p = .699).

3.2.2 Word-span tasks

The pupil dilation slopes of the younger adults were 0.43%/
sec, 0.95%/sec, and 1.35%/sec and those of the older adults 
were 1.10%/sec, 1.61%/sec, and 2.80%/sec in 3-, 4-, and 
5-word conditions of word-span tasks, respectively (Fig. 4b). 
As a result of 2 (group) × 3 (length of span) ANOVA, the 

3.2 The slope of pupil dilation

3.2.1 Digit-span tasks

The pupil dilation slopes of the younger adults were 1.00%/
sec, 1.39%/sec, and 1.46%/sec and those of the older adults 
were 1.38%/sec, 1.59%/sec, and 1.75%/sec in 3-, 5-, and 
7-digit conditions of digit-span tasks, respectively (Fig. 4a). 
As a result of 2 (group) × 3 (length of span) ANOVA, the 
main effect for the length of span (3-, 5-, and 7-digit) was 
significant (F(2,60) = 8.162, p = .001). Post-hoc compari-
sons using Bonferroni revealed that there were significant 
differences between 3- and 5-digit (p = .037) and between 

Fig. 4 The pupil dilation slope of (a) Digit-span tasks (b) Word-span tasks. Results for younger adults were shown in black, and for older adults 
were shown in gray. Each error bar indicates standard error

 

Fig. 3 The recall accuracy of (a) Digit-span tasks (b) Word-span tasks. Results for younger adults were shown in black, and for older adults were 
shown in gray. Each error bar indicates standard error
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stimuli lists in digit-span tasks [20], indicating that digit-
span tasks might not be a sensitive enough measure to 
reveal the aging-related effects in the slope of pupil dilation. 
However, there is some counterevidence that suggests that 
digit-span tasks were sufficient enough to produce group 
differences in pupil dilation between children and younger 
adults [19], and between the MCI and normal-aging groups 
[21]. We speculate that the discrepancy between the current 
findings and those of previous studies is likely driven from 
the characteristics of the groups that are compared using 
pupillometry for digit-span tasks. Previous studies found 
significant group differences by comparing groups of vastly 
different ages (e.g., children to young adults) or clinical 
stages (e.g., normal aging vs. MCI as a high-risk group for 
dementia). However, studies that included normal younger 
and older adults did not observe significant group differ-
ences in pupil dilation during digit-span tasks [20]. The 
results suggest that group differences in cognitive capacity 
may account for the inconsistent findings across the studies. 
In other words, group differences in pupil dilation seem to 
become salient when the groups with clearly reduced capac-
ity are compared.

Unlike digit-span tasks, we found significant aging-
related effects in the slope of pupil dilation under word-span 
tasks. Previous research reported that word-span tasks are 
more difficult than digit-span tasks, given that word-span 
tasks involve greater cognitive loads on the lexical-seman-
tic activation compared to the digit tasks [24, 25, 40, 41]. 
In other words, digits represent abstract concepts, which 
reduces the need for semantic processing demands. How-
ever, the word-span task requires complex cognitive pro-
cessing, such as understanding and processing the meaning, 
analogy, and association of words. Words can also vary in 
length, number of syllables, and distance between syllables 
[41]. This variability can cause confusion in the process 
of remembering and retrieving stimuli, increasing the dif-
ficulty of the task. Also, the older group may exhibit lower 
performance in word-span tasks than the younger group due 
to slower information processing speed, limited working 
memory capacity, reduced cognitive control, difficulties in 
word comprehension, and challenges in processing meaning 
[40]. Kahneman and Beatty [2] examined pupil dilation in 
younger adults using both digit- and word-span tasks. They 
investigated pupil dilation during the tasks, in which both 
two STM tasks increased from a span of 3 up to a span of 7. 
The results suggested that participants experienced greater 
pupil dilation under the word-span condition, rather than the 
digit-span condition, which is consistent with the current 
results. Overall, these findings suggest that word-span tasks 
contain more cognitive load than digit-span tasks, and these 
increased demands are reflected in the real-time measures 
of pupil dilations.

main effect among the three span conditions (3-, 4-, and 
5-word) was significant (F(2,60) = 27.514, p = .000). As a 
result of post-hoc testing using Bonferroni, the differences 
between the 3-word and 4-word (p = .004), 3-word and 
5-word (p = .000), 4-word and 5-word (p = .000) conditions 
were all significant. Also, the main effect of the group was 
significant (F(1,30) = 7.262, p = .011). The two-way interac-
tion between the span and group was statistically significant 
(F(2,60) = 3.189, p = .048). The interaction contrasts were 
conducted as post-hoc analyses using the LMATRIX and 
MMATRIX commands. As a result, the group differences 
between the 4-word and 5-word conditions were significant 
(p = .035). However, the group differences were not sig-
nificant for both comparisons between 3-word and 5-word 
(p = .07) and between 3-word and 4-word (p = .945) condi-
tions. The significant interaction is likely due to the fact that 
the slope of pupil dilation differentially increased for the 
older group when the word-span had the highest demands 
(e.g., 5-word) compared to the younger adults.

4 Discussion

The current study investigated aging-related differences in 
pupil responses by systematically manipulating the cogni-
tive load of two STM tasks. Regarding the recall accuracy, 
older adults demonstrated significantly lower performance 
than the younger adults across the tasks. These results were 
consistent with previous studies showing that cognitive 
capacity, as indexed by working memory or STM, declines 
with aging [16, 17, 34, 35]. The recall accuracy decreased 
as the length of span increased across the groups, consis-
tent with previous findings that suggested that performance 
degraded as task demands increased [20, 36]. The two-way 
interactions between the age groups and length of span were 
significant for both digit- and word-span tasks. Post-hoc 
analyses revealed that there were no significant differences 
between the age groups in the shortest span (3-digit and 
3-word), whereas group differences emerged as the span 
increased. The results indicate that cognitive capacity was 
taxed as the span increased, and these effects had specifi-
cally greater impact on the older group. The results were 
consistent with previous findings suggesting that cognitive 
capacity reduces as people age. In addition, in these studies, 
the limited capacity effects emerged under the cognitively 
challenging conditions [37–39].

The slopes of pupil dilation, derived from real-time mea-
surement, showed significant aging-related effects only dur-
ing word-span tasks, with older adults having significantly 
higher values than younger adults. The current results are 
consistent with previous studies that showed no age group 
differences in the slope of pupil dilation while listening to 
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the analyses in this context. Future studies need to delve into 
this topic from diverse perspectives.
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