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ARTICLE INFO ABSTRACT
Keywords: Working memory (WM), the temporary maintenance of a limited amount of information in an
Aging ) accessible state, is required for the performance of many tasks. Studies have shown that WM
Event related potentials demands are related to the neural processing of tasks requiring attention: Age affects the ERP
;?:100 components associated with WM context updating processes in the visual oddball task (P3) and

Complex span tasks semantic processing in the word-pair judgment task (N400). This study investigated whether WM

Working memory capacity capacity measured by complex span tasks mediates the effects of age on these ERPs. Younger

Attentional control adults (YA, n = 44, ages 18-23 yr) and older adults (OA, n = 41, ages 69-89 yr) completed
operation, reading, and symmetry complex span tasks and two ERP tasks (P3/visual oddball;
N400/word-pair judgment). Results showed age-related differences for all complex span tests.
Principal components analysis of these tests showed a single factor for both groups, so a combined
WM capacity factor score was created. Regressions of age group and WM factor score on P3 and
N400 amplitudes and latencies showed that OAs had relatively lower amplitudes and longer la-
tencies. However complex span was not related to P3 or N400 amplitudes or latencies and that
result was the same for younger and older adults; that is, complex span did not mediate the age
effects. WM processes indexed by the P3 and N400 components appear to be different from those
elicited by complex span tasks. Attentional control processes of WM influence oddball and se-
mantic judgement tasks more than storage components.

1. Introduction

Older adults show impaired working memory (WM), a function necessary for high-level cognition [1]. Working memory is
theorized to be a multi-component, limited-capacity, information processing system comprising interrelated attention and memory
subsystems that actively maintain and transform information for goal-relevant behavior over short periods of time [2,3]. Age-related
performance deficits have been well-documented in tasks requiring a strong WM component such as task-switching [4], n-back
performance [5], delayed match-to-sample [6], and a variety of complex tasks assessing WM capacity (e.g., [7,8,9,10]. Neuroimaging
research indicates that cortical regions associated with WM [11,12,13] are also implicated in age-related differences in the activation
of fronto-parietal networks [14,15,16,17,18,19,20,21,22] and in white matter degeneration in the frontal and temporal lobes [23,24].
In this study, we used electroencephalography to determine whether WM capacity mediates the effects of age on two different event-
related potentials (ERPs) known to be sensitive to WM demands.
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WM is characterized as comprising both storage and executive operations (e.g., [25]. The executive operations, in turn, comprise
shifting attentional control between tasks, strategies, or contexts, updating the contents of storage, and inhibiting interference (e.g.,
[26]. Complex span tasks are currently thought to be one of the best ways to assess WM because they involve both types of operations
[27]. They might be described as simply measuring WM storage capacity, but this characterization is incomplete. To perform these
tasks, the individual must maintain strategies or sets of rules, one for the principal task (e.g., determining the result of an arithmetic
operation) and one for the secondary task of storing the letter for later recall. Within each episode, it is necessary to shift from one rule
set to the other. Further, the stored letter list must be updated by adding the new letter. In addition, the items in the stored list must be
protected from interference by, e.g., phonetically similar letters. So, pure storage is embedded in a complex web of executive
processing.

Two classic tasks used in ERP-eliciting paradigms also rely on WM functions that require both information manipulation and
storage, but in different ways: the visual oddball task and the word-pair judgment task. Both of these tasks show age-related changes in
neural response with age which may be associated with WM processing [28].

The visual oddball task might be characterized simply as a visual attention task, but it has also been shown to involve WM processes
and, more specifically, context updating processes [21]. In the visual oddball task, as implemented in Kappenman et al. [29] and in this
study, working memory is targeted as it involves the presentation of five letters, one of which is specified as the target for each of the
five blocks. For each block, the target letter is different and must be placed in temporary storage while the target from the previous
block is suppressed. On each trial, the target must be called up and compared to the present letter. There is interference because the
target letter will have also served as a nontarget in separate trial blocks. This interference must be suppressed.

Similarly, the word-pair judgment task might be characterized as simply a semantic long-term memory task, but WM processes are
also involved in its performance. On each trial, the semantic network of the first word must be activated and held in short-term storage.
Then the network for the second work must be activated and overlap between the two networks assessed. After the response, the two
semantic networks must be suppressed to prevent interference with the next pair. In sum, complex span tasks, the visual oddball task,
and the word-pair judgment task all involve both the temporary storage and executive operation aspects of WM, though in different
combinations and to different extents. The question is whether WM processes assessed by the complex span tests are also used in the
visual oddball task as well as the word-pair judgment task.

Several studies using encephalography (EEG) and event-related potentials (ERPs) have demonstrated that WM demands influence
posterior P3 (also known as the P300 or P3b) and N400 ERPs. The P3 is a large, positive ERP that is associated with the processing of
relevant but unexpected information and that occurs 200-500 ms following stimulus onset in centroparietal regions [21,30,31].
Typically increased cognitive demands reduce P3 component size [32,33], making it plausible that P3 amplitudes may be modulated
by individual differences in WM capacity. If P3 amplitudes reflect limits on cognitive resources available for current mental operations,
then smaller P3 amplitudes may indicate fewer available WM resources [34,35]. Lefebvre et al. [36] proposed that the P3 is a potential
neurophysiological marker for WM capacity. Indeed, Reed et al. [37] found that individual differences in WM performance influence
the P3.

Further, tasks such as the n-back or visual oddball task that load on WM modulate the P3. In the n-back task participants must
update the current item while holding the last n (e.g., 1 to 4) items in WM to determine whether the current item matches the item
presented n items back. Dong et al. [38] found that the P3 decreased as n increased. Further, individuals high and low in WM capacity
measured by a digit span task differed in the P3 amplitudes elicited by an n-back (1-4 item) task, regardless of the level of n-back
difficulty. WM demands of a visual oddball task have also been found to affect P3. In the visual oddball task, a relatively rare target
occurs within a series of relatively frequent non-targets and participants must hold the target in WM and respond only if the current
stimulus matches the target [39,40]. Larger P3 amplitudes are observed for targets compared to non-targets [41-44]. Nittono et al.
[45] assessed WM capacity using a reading span test [46] and elicited the P3 using a multiple-choice reaction time task. They found
larger P3 amplitudes for high-span compared to low-span individuals, but only in the more demanding task conditions. Consistent with
Polich [20] who proposed that the P3 plays a role in attentional resource allocation among concurrent operations, these findings
suggest that those with greater WM capacity make more efficient use of neural resources that keep attention focused on task-relevant
information.

The N400 ERP is also affected by semantic processing tasks that involve WM (e.g., [47,48]. The N400 amplitude is thought to be an
index of the priming of terminal words for both sentences and word-pairs. It is largest for unrelated words and gets smaller as the
association increases. Thus, prior words must be held in WM to compare them to current words. For example, N400 amplitudes are
sensitive to the context in which a word occurs. When processing and attending to words in lists, the N400 amplitude varies with
semantic relationships [49-51]. The presentation of a prior word that is associatively related or semantically related to a current word
reduces the N400 amplitude. The N400, then, is thought to reflect contextual integration, or rather the lack of contextual fit, between
the previous item held in WM and the current item or items [51-53,]. In a study comparing neural responses to sentences with different
end wordings, Federmeier and Kutas [54] contrasted local, context-based relations (i.e., items expected or unexpected) with long-term
memory organization (i.e., items within or between categories). They found that the immediate language context held in WM and the
context-independent relationships between items extracted from long-term semantic memory both affected the neural processes re-
flected in the N400 simultaneously and independently.

How might age affect these ERPs that are associated with WM? Age-related differences in the amplitudes and latencies of the P3 and
N400 ERPs have been attributed to differences in cognitive processing, especially context updating indicated by the P3 and semantic
processing indicated by the N400 [55,56]. Older adults tend to produce smaller ERP amplitudes and delayed latencies relative to
younger adults (e.g., [28]). Specifically, the P3 effect, reflecting differences to infrequent compared to frequent events, increases in
latency and decreases in amplitude with increasing age [57]. The N400 effect, reflecting amplitude differences between semantically
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related and unrelated word pairs, decreases with age [58]. Denaro et al. [28] investigated the effects of age on the N170 (face pro-
cessing), P3 (visual oddball), N400 (word-pair judgement), and error-related negativity (ERN, visual flanker task), and found the
strongest age-related differences in ERPs from those tasks requiring WM.

There is some evidence of age-related changes in brain activity with variations in WM performance efficiency. Using EEG/ERP,
Saliasi et al. [59] examined older and younger adults in an n-back task, with 0- and 1-back loads, and measured WM efficiency as the
difference in response speed and accuracy between the two load conditions. P3 amplitudes varied with WM efficiency in both age
groups, but age interacted with WM efficiency in terms of the P3 scalp distribution where higher efficiency was related to higher P3
amplitudes at parietal electrodes for younger adults but not older adults. To relate WM capacity to age and the N400, Gunter et al. [47]
conducted a language recognition task in which sentences either had high or low WM requirements and participants varied in age
(young vs. middle aged) and WM span performance (e.g., digit span). They reported an interaction between congruency and WM load
which reflected smaller effects of congruency under greater WM load. Also, despite the overall decrease in WM and a smaller, delayed
N400 observed for middle-aged adults, the ERP effects appeared to depend on WM span. Although young participants with high WM
capacity showed similar congruency effects in both high and low WM-load conditions, those with low WM capacity showed con-
gruency effects only in the low WM-load condition. Middle-aged participants with high WM capacity showed congruency effects only
in the low WM-load condition and those with low WM capacity showed no congruency effects in either WM-load condition. Thus, it
appears that WM capacity interacts with age for semantic processing indicated by the N400.

To summarize, demands on WM are reflected in ERPs. Our central goal in this study was to examine whether WM capacity mediated
the effect of age on both P3 and N400 ERPs. We used complex span tasks that are well established as reliable and valid measures of WM
capacity, where capacity depends on both storage and manipulation components [60]. These tasks focus on the ability to store in-
formation while concurrently manipulating it. Performance on these tasks is related to higher-level cognitive function as well as age-
related declines of WM capacity [61,62]. We used two tasks known to elicit changes in P3 and N400 in response to WM demands. Our
ancillary question was whether the ERPs in the two tasks were related to WM in the same way or in different ways, which would be
indicated by an age-related dissociation.

2. Methods
2.1. Participants

Eighty-five participants were recruited from the Claremont Colleges and the surrounding Claremont, CA (USA) community
(Table 1). Based on a G*power analysis [63], we determined the sample size necessary for an a priori power of 0.80 with a moderate
effect size (0.15), alpha set at 0.05, for a regression with two predictors (one categorical variable, age group, and one continuous
variable, WM capacity). The required sample size is 68. Our sample size was 78-82, depending on the analysis. Younger adults (YA)
received either financial compensation or partial course credit; older adults (OA) received financial compensation. Compensated
participants were paid $10 per hour. All participants had at least 20:30 vision, measured using a vision contrast test (Vistech Con-
sultants, Inc.). No participant reported a history of psychological disorders, neurological injury or disease, loss of consciousness for
more than two minutes, or stroke. The study was approved by the Claremont McKenna College Institutional Review Board. All par-
ticipants provided informed consent.

We assessed general levels of intellectual functioning with vocabulary and abstraction subscales of the Shipley Institute of Living
Scale (SILS; [64,65]). YAs and OAs did not differ in the combined score without scaling for age, t(83) = 0.53, p = 0.60. OAs had higher
Vocabulary scores than YAs, t(83) = —6.54, p < 0.001, and YAs had higher Abstraction scores than OAs, t(83) = 5.24, p < 0.001. No
OAs scored below the cut-off score of 21 in the vocabulary assessment, indicating participants did not have impaired cognitive function
[66]. OAs reported more years of education than YAs, t{(76) = —9.19, p < 0.001 (see Table 1). Finally, participants were excluded from
the reported analyses for less than 70 % accuracy on ERP task performance or poor data quality. For the visual oddball/P3 task, two
YAs and five OAs were excluded, for a total of 78 participants (42 YA, 36 OA). For the word-pair judgment/N400 task, three YAs were
excluded, for a total of 82 participants (41 YA, 41 OA).

2.2. Procedure

Participants completed a demographic survey (age, gender, education, and self-reported health information) and measures of

Table 1
Participant demographic data (n = 85).
Group N (# of Mean Age in Years Mean Years Education SILS: Mean SILS: Mean Vocabulary SILS: Mean Abstraction
females) (SD) (SD) Score (SD) (SD)
range (SD)
Young 44 (22) 20.02 (1.42) 13.67 (1.28) 65.89 (6.50) 30.93 (4.20) 34.95 (3.70)
Adults 18-24
Older 41 (22) 77.24 (7.36) 17.55 (2.26) 65.05 (8.14) 36.12 (2.97) 28.93 (6.61)
Adults 60-92

SILS = Shipley Institute of Living Scale.
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visual contrast and cognitive ability, followed by three WM capacity tasks and two ERP tasks.

2.2.1. WM complex span tasks

WM capacity was assessed via shortened, computerized versions of the operation, reading and symmetry complex span tasks
(https://englelab.gatech.edu/shortenedtasks.html; [27]). The validity and reliability of these tasks for measuring WM capacity has
been verified in both long and shortened versions [67,68]. These tasks are routinely used to measure individual differences in WM
capacity and are correlated with higher level cognitive functions (e.g., [9,69-73]). Each task contains a storage and a processing
component and each follows the same basic structure. A list of stimuli is presented in a certain order to store in WM, and the participant
is asked to recall the items in the same order. Interspersed between each item is a processing task that requires active cognitive
engagement. Participants completed a series of practice trials for each task. Participants practiced each component of the task alone
before completing a combined practice with the processing component followed by the storage component.

For the operation span task, participants received a set of mathematical operations and were asked to judge if each equation was
true or false (approximately half were true). After each mathematical operation, participants were presented with a randomly chosen
letter. They recalled the letters at the end of each block; set sizes ranged from 3 to 7 with each set size appearing three times (75 total
operation-storage pairs).

For the reading span task, participants received a set of sentences ranging from 10 to 15 words in length and they determined
whether the sentence made sense (approximately half were sensible). After each sentence, participants were presented with a
randomly chosen letter. They recalled the letters at the end of each block; set sizes ranged from 3 to 7 with each set size appearing three
times (75 total sentence-storage pairs).

For the symmetry span task, participants received an 8 x 8 matrix of black and white squares and determined if the matrix was
symmetrical around the vertical axis. After each matrix, participants were presented with a randomly chosen letter which they recalled
at the end of each block; set sizes ranged from 2 to 5 with each set size appearing three times (52 total sentence-storage pairs).

WM capacity for each task was assessed using the edit distance scoring method (the number of stimuli in a trial minus the number of
errors made by the participant). It is similar to the partial-credit scoring method, but takes into account errors which are transpositions,
intrusions, or omissions made earlier in the recalled sequence [74,75] (https://englelab.shinyapps.io/taskscoring/).

2.2.1. ERP tasks

Participants were seated 75 cm away from the monitor, with eyes level with the center of the screen, legs uncrossed, and feet flat on
the floor. Stimuli were presented on a ViewPixx monitor (35.5 cm x 28 cm, 43.5 cm diagonal, 1280 by 1024 resolution, Vision Science
Solutions). EEG/ERP tasks were presented using E-Prime3 software (Pstnet.com) and participants responded using a Chronos response
box (Pstnet.com). EEG data were collected during active visual oddball and word-pair judgement tasks, modified from Kappenman
et al. [29], which were counterbalanced by order across participants.

For the active visual oddball/P3 task, participants viewed a sequence of letter stimuli and classified each stimulus as a target or non-
target. On each trial, a letter (A, B, C, D, E, in uppercase, Geneva font, subtending 2.5° x 2.5° of visual angle) was presented for 200 ms
in the center of the screen over a continuously visible central white fixation point (0.15° visual angle), with a jittered SOA of
1200-1400 ms (rectangular distribution, average of 1300 ms). Participants pressed one button for targets and another button for non-
targets using the index and middle fingers of their dominant hand. Before each block of trials, one letter was designated as the target
stimulus and the other four letters were non-targets. Each of the five letters served as a target in one block of the experiment and as a
non-target in the other four blocks, with the order of blocks randomized across participants. The stimulus-response mapping was
counterbalanced across participants (50% of participants used the index finger for targets; 50% of participants used the index finger for
non-targets). In each block, the probability of the target was 20%, and the probability of the non-targets was 80%, for a total of 8 target
trials and 32 non-target trials per block. The probability of each of the non-targets and targets within a block was 20%. Participants
completed five blocks with 40 trials each and a break between blocks, for a total of 200 trials.

For the word-pair judgment/N400 task, participants determined if two words were semantically related. The two words were
presented in different colors of ink to allow participants to track which word required a response. Both colors were equally distant from
the gray background in the CIE (1976) color space. Words were presented in uppercase, Geneva font, with each letter in a word
subtending 1° x 1° of visual angle. Each word was presented over a continuously visible white central fixation point (0.15° visual
angle). The first word on each trial (prime) was presented in red (100, 0, 0) for 200 ms, followed by an ISI of 900-1100 ms (rectangular
distribution, average of 1000 ms). The second word (target) was then presented in green (0, 90, 0) for 200 ms, followed by an ITI of
1400 to 1600 ms (rectangular distribution, average of 1500 ms). Participants pressed one button for related word pairs and another
button for unrelated word pairs using the index and middle fingers of the dominant hand. The stimulus response mapping was
counterbalanced across participants (50% of participants pressed with the index finger for related word pairs; 50% of participants
pressed with the index finger for unrelated word pairs). Each target word was presented once in a related word pair and once in an
unrelated word pair. Word pairs were randomly intermixed. Participants completed 120 trials, with a break provided every 20 trials.

2.3. Electrophysiological methods

Continuous scalp EEG was recorded from 64 active Ag/AgCl electrodes (actiCAP slim, Brain Products GmbH, Gilching, Germany)
using the Brain Vision actiCHamp system (actiCHamp, Brain Products GmbH, Gilching, Germany). Impedances were kept below 50 kQ
throughout the experiment. Electrodes were placed according to the international 10/10 system (https://www.brainproducts.com/
downloads/cap-montages/). Data were sampled at 500 Hz and the on-line reference was FCz.
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2.3.1. EEG data analysis and Reduction

Data were exported and analyzed offline using EEGLAB [76] and ERPLAB toolboxes (https://www.erpinfo.org/erplab). EEGs were
adjusted for DC offset by removing the mean value across the EEG and then filtered using an IIR Butterworth bandpass filter from 0.1 to
30 Hz (half amplitude cut off, 12 db/oct and 40db/dec roll off). Data were re-referenced off-line to linked mastoids (TP9/TP10).
Continuous data were segmented into epochs (200 ms pre-stimulus to 800 ms post-stimulus) for rare target and frequent non-target
conditions. Only data from correct trials were analyzed. Epochs were baseline corrected using the mean of the 200 ms pre-stimulus
period. Artifacts in the data were addressed in two ways. First, we removed trials if they contained significant ocular artifacts
(4+/— 100 pvolts at bipolar VEOG channels) during stimulus presentation (+/— 150 ms surrounding stimulus presentation). Second,
we identified artifactual signals (e.g., eye blinks, eye movements, noisy channels, line noise, muscle movement) using independent
component analysis via second-order blind identification, which “unmixes” the EEG signal into independent components that can be
classified as task-related or artifactual [77]. Initial artifact classification was performed using automated routines from the SASICA
[78] and ICLabel [79] toolboxes, but all classifications underwent follow-up visual inspection to ensure that meaningful cognitive
components were not mistakenly flagged for removal. For each participant’s cleaned EEG data set, the trials were averaged for each
condition.

Mean amplitudes and 50% fractional area latencies obtained from difference waves were calculated for P3 (rare-frequent) and
N400 (unrelated-related) effects. ERP time windows were established for each age group and task at Pz based on the grand averaged
data and the literature (e.g., [20,29]). The P3 window was 275 to 575 ms for YAs and 300-600 ms for OAs. The N400 window was 275
to 475 ms for YAs and 345 to 545 ms for OAs.

3. Results
3.1. Complex span

Complex span scores (i.e., edited distance performance measure) were calculated for each participant. An Age (OA, YA) x Span Task
(Operation, Reading, Symmetry) mixed-model ANOVA indicated that the effects of Age, F(1, 83) = 22.01 p < 0.001 135 =0.21, and
Span Task, F(2, 82) = 135.34 p < 0.001 gg = 0.77, were qualified by an Age by Span Task interaction, F(2,82) = 5.97 p = 0.004 135 =
0.13, confirming previous results that YAs had overall larger spans than OAs and OAs had relatively more difficulty with the visuo-
spatial Symmetry Span task [80] (Table 2). YAs had greater WM spans than OAs across tasks (F(1, 83) = 22.01 p < 0.001 UIZ, =0.21;
operation span: My = 25.02, SD = 1.08 vs. Mpa = 20.17, SD = 1.12, reading span: My = 23.98, SD = 1.01 vs Mpa = 20.46, SD = 1.04;
and symmetry span: My = 17.21, SD = 0.76 vs. Moa = 9.29, SD = 0.79. This result is consistent with the age-related SILS score
disparity where OAs had lower abstraction scores than YAs.

Prior studies have shown that multiple span tasks create a more reliable measure of WM capacity (e.g., [68]). For YAs, the
Operation Span was significantly correlated (p’s < 0.05) with the Reading Span (r = 0.37) and Symmetry Span (r = 0.49) and the
Reading Span was marginally correlated with Symmetry Span (r = 0.28, p = 0.07). For OAs, the Operation Span was significantly
correlated with the Reading Span (r = 0.79) and Symmetry Span (r = 0.68) and the Reading Span was significantly correlated with
Symmetry Span (r = 0.72).

When principal component analysis (PCA) was conducted for OA and YA together, the three span tasks loaded on a single
component accounting for 73% of the raw variance. To address the possibility that OAs and YAs might not have the same underlying
structure for the WM factor, we conducted PCA on YAs and OAs separately for the three WM complex span scores. Both groups showed
the same structure; only a single significant component had an eigenvalue significantly above 1, indicating that they have the same
structure. Nonetheless, they did differ to some extent on the factor loadings. Consequently, we calculated a regression-weighted factor
score separately for each age group so that the scores reflected the different loadings on the single WM component. This WM factor
score was used in subsequent regressions.’

3.2. Visual Oddball/P3 (see Tables 2 and 3; Fig. 1a)

For behavioral data, proportion correct (accuracy) and median correct response times (RTs) averaged over rare and frequent
conditions were analyzed using regressions with age group as a dummy variable and WM capacity as a continuous variable. For ac-
curacy, the regression model was only marginally significant. WM was significant, indicating that greater accuracy was associated with
greater WM capacity. However, there was no effect of age and no interaction of WM and age. For RTs, the regression model was
significant. Age was significant such that OAs responded more slowly than YAs, but there was no effect of WM and no interaction of
WM and age. The regression model with age group as a dummy variable and WM capacity as a continuous variable for P3 amplitudes
was significant. Age was significant such that YAs had larger P3 amplitudes than OAs, but neither WM nor the interaction was sig-
nificant. The same regression for 50% fractional area latency was also significant. Age was significant such that YAs had shorter P3
latencies than OAs, but neither WM nor the interaction was significant.

1 Regression analyses produced similar results for the WM factor when it was calculated from combined OA and YA scores.
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Table 2
Proportion Correct, Median Correct Response Times (RT), Mean Amplitudes, and Mean Latencies for P3 and N400 Tasks By Age.
Experiment Measure YA Means (SE) OA Means (SE)
P3 Accuracy 0.94 (0.01) 0.92 (0.01)
RT 407.41 (11.06) 548.19 (11.46)
Amplitude 5.03 (0.54) 2.47 (0.57)
Latency 438.61 (5.91) 455.21 (6.27)
N400 Accuracy 0.96 (0.01) 0.98 (0.01)
RT 683.50 (15.68) 800.51 (16.24)
Amplitude —4.89 (0.45) —3.70 (0.44)
Latency 375.60 (3.78) 442.95 (3.70)

3.3. Word-Pair Task/N400 (see Tables 3 and 4; Fig. 1b)

Proportion correct (accuracy) and median correct response time (RT) averaged over related and unrelated conditions were
analyzed using regressions with age group as a dummy variable and WM capacity as a continuous variable. For accuracy, the regression
model was only marginally significant. Age was significant indicating that OAs had greater accuracy than YAs. However, there was no
effect of WM and no interaction of WM by age. For RTs, the regression model was significant. Age was significant such that OAs
responded more slowly than YAs, but there was no effect of WM and no interaction of WM and age. The regression model with age
group as a dummy variable and WM capacity as a continuous variable for N400 amplitudes was not significant. Age was significant,
however, such that YAs had larger N400 amplitudes than OAs, but neither WM nor the interaction was significant. The same regression
for 50% fractional area latency was significant. Age was significant such that YAs had faster N400 latencies than OAs, but neither WM
nor the interaction was signiﬁcant.2

4. Discussion

Age-related declines are evident in both WM (e.g., [81]) and ERP measures (e.g., [28]). In this study, we investigated whether a
composite of widely used measures of WM capacity, namely complex span tasks, mediated overall effects of age on P3/visual oddball
and N400/word-pair semantic judgment effects elicited from tasks with WM requirements. Our study confirmed age-related decreases
in WM capacity, especially for visuospatial tasks (c.f., [80]). We also confirmed that the span measures loaded on a single principal
component [68] for both age groups. In addition, we replicated the reduced P3 and N400 amplitudes and longer ERP latencies in older
adults [28]. But, contrary to our predictions, WM capacity did not affect either ERP amplitudes or latencies. Consequently, we failed to
find that WM capacity influences age-related effects on the ERP measures, regardless of task.

One possible explanation is that the P3 in the oddball task and N400 in the semantic comparison task do not involve WM. To the
contrary, Reed et al. [37] found that tasks loading on WM (task switching and digit symbol substitution) were predictive of individual
differences in P3. Also, the involvement of WM in semantic judgement and the N400 has been observed in tasks which interleaved
semantic judgement and n-back trials [82]. Semantic judgements were slowed as n increased, suggesting semantic judgments engaged
WM. Salisbury [83] found that performance on the Trail Making Test and the digit symbol substitution tests, both engaging WM,
affected the N400.

A second and more likely explanation is that the WM operations elicited by complex span tasks are different from those elicited by
the oddball and semantic comparison tasks. WM is multidimensional [60] and plausibly, not all tasks rely on the same WM processes.
The construct of WM comprises information storage as well as attentional control operations on stored information—updating, set
shifting, and inhibition. For example, Reed et al. found previously that only measures related to context updating and attentional
control are predictive of the P3 as measured by a visual oddball task; by contrast, Rmeasures of simple storage (visual short-term
memory and spatial short-term memory) were unrelated to P3 [37]. Unsworth et al. [84] found strong correlations between mem-
ory span and measures of short-term storage. (They also found correlations with tasks intended to measure attentional control, but
close examination shows they, too, largely involved simple short-term storage.) Arguably, the present ERP tasks had very limited
storage demands and reflected more the operation of attentional control. Despite their manipulation component, complex span tasks
have high storage demands but lower demands for attentional control. This would explain how there could be age-related differences
in span measures and in ERP measures, but complex span and ERP measures could be unrelated. The version of the visual oddball task
that we used relied more on context updating processes and the word-pair task relied on comparing current information with semantic
relations in long-term memory.

Dong et al. [38] found that individuals with high scores on a hybrid memory span task had significantly higher P3 amplitudes than
those with low scores. P3 was measured in an n-back task. P3 amplitude decreased monotonically as n was increased from one to four,
but this decrease in the P3 was similar for low and high WM capacity groups. The n-back task has been called the gold standard of WM
measures [85]. However, it correlates only weakly with span measures of capacity [86]. Arguably, n-back performance reflects strong
but somewhat independent loadings on both storage capacity and attentional control. Following this reasoning, the difference found by
Dong et al. between the low and high WM groups in the P3 may reflect the storage aspect of the n-back task whereas the change with

2 Dichotomizing WM gives essentially equivalent results.
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Fig. 1. P3 and N400 grand average condition and difference waveforms (P3 effect = rare minus frequent conditions, N400 effect = unrelated minus
related conditions) are plotted separately for younger (YA) and older (OA) adults with standardized measurement error (SEM) at the Pz electrode.
Mean scalp topographies of P3 and N400 effects are plotted for each age group’s mean amplitude time window.

Table 3
Regression Results for P3 and N400 Effects.
bv R2 F p ﬂWM ﬂAge ﬂWM x Age
P3 RT 0.50 26.79 <0.001 -0.14 —0.70"™" 0.16
AcC 0.08 2.46 0.07 0.33* 0.15 -0.16
Amplitude 0.40 4.74 0.004 0.06 0.40""" —0.08
Latency 0.20 6.06 <0.001 0.1 —0.44™" 0.06
N400 RT 0.26 9.30 < 0.001 —0.14 —0.49"" 0.05
ACC 0.09 2.54 0.06 0.12 —0.27% 0.00
Amplitude 0.06 1.69 0.18 0.03 —0.22* 0.08
Latency 0.73 68.58 <0.001 —0.06 —0.85"" 0.01

*p < 0.05, **p < 0.01, p < 0.001.

increasing load may reflect independently the increasing demands for updating and set shifting.

Although the n-back task has been related to P3 amplitudes, Kane et al. [86] have argued that the n-back task is not a construct valid
measure of WM function, principally because it does not show convergent validity with complex span measures. A more agnostic way
to view this is that n-back tasks and complex span tasks both challenge WM but that they call on, or emphasize, different aspects of WM
function. That is, neither is an invalid measure of WM. The prior finding that n-back performance is related to P3 taken together with
our finding that complex span is not—given that both are valid measures of WM—is consistent with the argument that WM involves a
variety of component operations, not all of which are elicited in the same way by a particular task. Thus, not all WM tasks elicit the
same WM processes. In other words, the same operations may not be used in the same ways in different tasks, as our results suggest.
Here we tried to take a measure of WM capacity established as reliable and valid and show how it was related to two different tasks that
require WM. We found that it did not relate to P3 and N400. So, we can infer that storage and concurrent processing operations in WM
are not the processes differentiating the age-related effects for P3 and N400. Instead, we suggest that tasks relying heavily on WM
component processes other than or in addition to storage (e.g., updating and interference suppression), such as the n-back task, may
better relate to the WM processes indexed by the P3 and N400.

In conclusion, we replicated prior findings of age-related differences in WM capacity and in ERP measures. Additionally, however,
we found no relationship between the span measures of WM and either P3 or N400 ERPs, regardless of age. The most likely explanation
for the absence of a relationship is that the WM operations required for span tasks are different from those elicited by oddball and
semantic comparison tasks. Perhaps the attentional control components of WM influence oddball and semantic judgement task
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performance and their corresponding ERPs in a different manner from storage components, on which complex span tasks load more
strongly. Future research using a choice of tasks that allowed independent manipulation of storage and attention control would permit
us to explore the fractionation of the effects of WM load on P3 and N400. In sum, our results converge with the conclusion that WM is a
multifaceted construct and that the subcomponents are not assessed by all WM measures and are not elicited by all tasks.

Verification statement

The Corresponding Author, Catherine Reed, declares that this work has not been published previously except in the form of ab-
stracts. It is not under consideration for publication elsewhere, and that its publication has been approved by all authors and tacitly or
explicitly by the responsible authorities where the work was carried out, and that, if accepted, it will not be published elsewhere in the
same form, in English or in any other language, including electronically without the written consent of the copyright-holder.

CRediT authorship contribution statement

Jasmin Joshi: Writing — review & editing, Writing — original draft, Visualization, Methodology, Investigation, Formal analysis,
Data curation, Conceptualization. Chandlyr M. Denaro: Writing — review & editing, Writing — original draft, Visualization, Valida-
tion, Supervision, Methodology, Investigation, Formal analysis, Data curation, Conceptualization. Alan A. Hartley: Writing — review
& editing, Writing — original draft, Validation, Methodology, Formal analysis, Conceptualization. Catherine L. Reed: Writing — review
& editing, Writing — original draft, Visualization, Validation, Supervision, Resources, Project administration, Methodology, Investi-
gation, Funding acquisition, Formal analysis, Data curation, Conceptualization.

Funding

NSF DUE 1626554, 1914855, 2227412, and 2400479.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgments

Thanks to members of the PURSUE project (pursueerp.com), CMC Summer Research Program, and members of the Reed Cognitive
Neuroscience Lab for their support of this project.

Data availability

Data available via OSF: https://osf.io/zn82d/?view_only=286a3bf7daa740a6bebdd3c0bf72cda4.

References

[1] Fabiani M, Zimmerman B, Gratton G. Working memory and aging: A review. In: Jolicoeur P, Lefebvre C, Martinez-Trujillo J, editors. Mechanisms of sensory
working memory: attention and performance XXV. Elsevier Academic Press; 2016. p. 121-38.

Baddeley A. Working memory: theories, models, and controversies. Annu Rev Psychol 2012;6363:1-29. https://doi.org/10.1146/annurev-psych-120710-
100422.

[3] Fuster JM. Unit activity in prefrontal cortex during delayed-response performance: neuronal correlates of transient memory. J Neurophysiol 1973;36(1):61-78.
https://doi.org/10.1152/jn.1973.36.1.61.

[4] Jolly TA, Cooper PS, Rennie JL, Levi CR, Lenroot R, Parsons MW, et al. Age-related decline in task switching is linked to both global and tract-specific changes in
white matter microstructure. Hum Brain Mapp 2017;38(3):1588-603. https://doi.org/10.1002/hbm.23473.

[5] Verhaeghen P, Geigerman S, Yang H, Montoya AC, Rahnev D. Resolving age-related differences in working memory: equating perception and attention makes
older adults remember as well as younger adults. Exp Aging Res 2019;45(2):120-34. https://doi.org/10.1080/0361073X.2019.1586120.

[6] Pinal D, Zurrén M, Diaz F. An event related potentials study of the effects of age load and maintenance duration on working memory recognition. PLoS One
2015;10(11):e0143117. https://doi.org/10.1371/journal.pone.0143117.

[7] Engle RW, Kane MJ, Tuholski SW. Individual differences in working memory capacity and what they tell us about controlled attention, general fluid
intelligence, and functions of the prefrontal cortex. In: Miyake A, Shah P, editors. Models of working memory: Mechanisms of active maintenance and executive
control. Cambridge University Press; 1999. p. 102-34. https://doi.org/10.1017/CB0O9781139174909.007.

[8] Kemper S, Herman RE, Lian CH. The costs of doing two things at once for young and older adults: talking while walking, finger tapping, and ignoring speech or
noise. Psychol Aging 2003;18(2):181-92. https://doi.org/10.1037/0882-7974.18.2.181.

[9] Oberauer K, Siip H, Wilhelm O, Wittmann WW. Which working memory functions predict intelligence?. 641:52 Intell 2008;36(6). https://doi.org/10.1016/j.
intell.2008.01.007.

[10] Unsworth N, Spillers GJ. Variation in working memory capacity and episodic recall: the contributions of strategic encoding and contextual retrieval. Psychon
Bull Rev 2010;17(2):200-5. https://doi.org/10.3758/PBR.17.2.200.

[11] Alexander JM, Johnson KE, Kelley K. Longitudinal analysis of the relations between opportunities to learn about science and the development of interests
related to science. Sci Educ 2012;96:763-86. https://doi.org/10.1002/sce.21018.

[12] Coelho S, Baete SH, Lemberskiy G, Ades-Aron B, Barrol G, Veraart J, et al. Reproducibility of the Standard Model of diffusion in white matter on clinical MRI
systems. Neuroimage 2022;257:e119290. https://doi.org/10.1016/j.neuroimage.2022.119290.

[2

—


http://pursueerp.com/
http://refhub.elsevier.com/S2589-9589(25)00006-4/h0005
http://refhub.elsevier.com/S2589-9589(25)00006-4/h0005
https://doi.org/10.1146/annurev-psych-120710-100422
https://doi.org/10.1146/annurev-psych-120710-100422
https://doi.org/10.1152/jn.1973.36.1.61
https://doi.org/10.1002/hbm.23473
https://doi.org/10.1080/0361073X.2019.1586120
https://doi.org/10.1371/journal.pone.0143117
https://doi.org/10.1017/CBO9781139174909.007
https://doi.org/10.1037/0882-7974.18.2.181
https://doi.org/10.1016/j.intell.2008.01.007
https://doi.org/10.1016/j.intell.2008.01.007
https://doi.org/10.3758/PBR.17.2.200
https://doi.org/10.1002/sce.21018
https://doi.org/10.1016/j.neuroimage.2022.119290

J. Joshi et al.

[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]

[22]
[23]

[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]

[32]
[33]

[34]
[35]
[36]
[37]
[38]
[39]
[40]
[41]
[42]
[43]
[44]
[45]
[46]
[47]
[48]
[49]
[50]
[51]
[52]
[53]

[54]

Neurobiology of Aging Science 7 (2025) 100140

Jack Jr CR, Petersen RC, Xu YC, Waring SC, O’Brien PC, Tangalos EG, et al. Medial temporal atrophy on MRI in normal aging and very mild Alzheimer’s disease.
Neurol 1997;49(3):786-94. https://doi.org/10.1212/wnl.49.3.786.

Reuter-Lorenz PA, Cappell KA. Neurocognitive aging and the Compensation Hypothesis. Curr Dir Psychol Sci 2008;17(3):177-82. https://doi.org/10.1111/
j.1467-8721.2008.00570.x.

Brazdil M, Rektor I, Daniel P, Dufek M, Jurdk P. Intracerebral event-related potentials to subthreshold target stimuli. Clin Neurophysiol 2001;112(4):650-61.
https://doi.org/10.1016/51388-2457(01)00463-1.

Brazdil PB, Soares C, da Costa JP. Ranking learning algorithms: using IBL and meta-learning on accuracy and time results. Mach Learn 2003;50:251-77. https://
doi.org/10.1023/A:1021713901879.

Gevins A, Cutillo B. Spatiotemporal dynamics of component processes in human working memory. Electroencephalogr Clin Neurophysiol 1993;87(3):128-43.
https://doi.org/10.1016/0013-4694(93)90119-g.

Linden W. Stress Management: From Basic Science to Better Practice. Sage Publications, Inc; 2005.

Knight R. Contribution of human hippocampal region to novelty detection. Nature 1996;383(6597):256-9. https://doi.org/10.1038/383256a0.

Polich J. Updating P300: an integrative theory of P3a and P3b. Clin Neurophysiol 2007;118(10):2128-48. https://doi.org/10.1016/j.clinph.2007.04.019.
Polich J. Neuropsychology of P300. In: Kappenman ES, Luck SJ, editors. The Oxford Handbook of Event-Related Potential Components. Oxford Academic; 2012.
p. 160-88. 10.1093/0xfordhb/9780195374148.013.0089.

Squire LR, Kandel ER. Memory: from mind to molecules. Scientific American. Library 1999.

Xiong W, Cheng K, Cui T, Godlewski G, Rice KC, Xu Y, et al. Cannabinoid potentiation of glycine receptors contributes to cannabis-induced analgesia. Nat Chem
Biol 2011;7:296-303. https://doi.org/10.1038/nchembio.552.

Longstreth WT, Manolio TA, Arnold A, Burke GL, Bryan N, Jungreis CA, et al. Clinical correlates of white matter findings on cranial magnetic resonance imaging
of 3301 elderly people. Stroke 1996;27(8):1274-82. https://doi.org/10.1161/01.str.27.8.1274.

Baddeley A, Hitch G. Working memory. In: Bower G, editor. Psychology of Learning and Motivation. Academic Press; 1974. p. 47-89. 10.1016/50079-7421(08)
60452-1.

Miyake A, Friedman NP. The nature and organization of individual differences in executive functions: Four general conclusions. Curr Dir Psychol Sci 2000;21
(1):8-14. https://doi.org/10.1177/0963721411429458.

Oswald FL, McAbee ST, Redick TS, Hambrick DZ, et al. The development of a short domain-general measure of working memory capacity. Behav Res Methods
2015;47:1343-55. https://doi.org/10.3758/s13428-014-0543-2.

Denaro CM, Reed CL, Joshi J, Petropoulos A, Thapar A, Hartley AA. Age-related similarities and differences in cognitive and neural processing revealed by task-
related microstate analysis. Neurobiol Aging 2024;136:9-22. https://doi.org/10.1016/j.neurobiolaging.2024.01.007.

Kappenman ES, Farrens JL, Zhang W, Stewart AX, Luck SJ. ERP CORE: an open resource for human event-related potential research. Neuroimage 2021;225:
€117465. https://doi.org/10.1016/j.neuroimage.2020.117465.

Gray MJ, Litz BT, Hsu JL, Lombardo TW. Psychometric properties of the life events checklist. Assess 2004;11(4):330-41. https://doi.org/10.1177/
1073191104269954.

Squires K, Petuchowski S, Wickens C, Donchin E. The effects of stimulus sequence on event related potentials: a comparison of visual and auditory sequences.
Percept Psychophys 1977;22:31-40. https://doi.org/10.3758/BF03206077.

Kok A. On the utility of P3 amplitude as a measure of processing capacity. Psychophys 2001;38:557-77. https://doi.org/10.1017/50048577201990559.
Wijers AA, Mulder G, Okita T, Mulder LJ, Scheffers MK. Attention to color: an analysis of selection, controlled search, and motor activation, using event-related
potentials. Psychophys 1989;26(1):89-109. https://doi.org/10.1111/j.1469-8986.1989.tb03137.x.

McEvoy LK, Smith ME, Gevins A. Dynamic cortical networks of verbal and spatial working memory: effects of memory load and task practice. Cereb Cortex
1998;8(7):563-74. https://doi.org/10.1093/cercor/8.7.5638.

Watter S, Geffen GM, Geffen LB. The n-back as a dual-task: P300 morphology under divided attention. Psychophys 2001;38(6):998-1003. https://doi.org/
10.1111/1469-8986.3860998.

Lefebvre CD, Marchand Y, Eskes GA, Connolly JF. Assessment of working memory abilities using an event-related brain potential (ERP)-compatible digit span
backward task. Clin Neurophysiol 2005;116:1665-80. https://doi.org/10.1016/j.clinph.2005.03.015.

Reed CL, Sigi-Liu A, Lydic K, Lodge M, Chitre A, Denaro C, et al. Selective contributions of executive function ability to the P3. Int J Psychophysiol 2022;176:
54-61. https://doi.org/10.1016/j.ijpsycho.2022.03.004.

Dong S, Reder LM, Yao Y, Liu Y, Chen F. Individual differences in working memory capacity are reflected in different ERP and EEG patterns to task difficulty.
Brain Res 2015;1616:146-56. https://doi.org/10.1016/j.brainres.2015.05.003.

Duncan-Johnson CC, Donchin E. On quantifying surprise: the variation of event-related potentials with subjective probability. Psychophysiol 1977;14(5):
456-67. https://doi.org/10.1111/j.1469-8986.1977.tb01312.x.

Squires KC, Wickens C, Squires NK, Donchin E. The effect of stimulus sequence on the waveform of the cortical event-related potential. Science 1976;193(4258):
1142-6. https://doi.org/10.1126/science.959831.

Donchin E, Coles MG. Is the P300 component a manifestation of context updating? Behav Brain Sci 1988;11(3):357-427. https://doi.org/10.1017/
S0140525X00058027.

Ritter W, Sussman E, Deacon D, Cowan N, Vaughan Jr HG. Two cognitive systems simultaneously prepared for opposite events. Psychophysiol 1999;36(6):
835-8. https://doi.org/10.1111/1469-8986.3660835.

Polich J, Criado JR. Neuropsychology and neuropharmacology of P3a and P3b. Int J Psychophysiol 2006;60(2):172-85. https://doi.org/10.1016/j.
ijpsycho.2005.12.012.

Snyder E, Hillyard SA. Long-latency evoked potentials to irrelevant, deviant stimuli. Behav Biol 1976;16(3):319-31. https://doi.org/10.1016/50091-6773(76)
91447-4.

Nittono H, Nageishi Y, Nakajima Y, Ullsperger P. Event-related potential correlates of individual differences in working memory capacity. Psychophys 1999;36
(6):745-54. https://doi.org/10.1017/5S004857729998099X.

Daneman M, Carpenter PA. Individual differences in working memory and reading. J Verbal Learn Verbal Behav 1980;19(4):450-66. https://doi.org/10.1016/
$0022-5371(80)90312-6.

Gunter TC, Jackson JL, Mulder G. Language, memory, and aging: an electrophysiological exploration of the N400 during reading of memory-demanding
sentences. Psychophysiol 1995;32(3):215-29. https://doi.org/10.1111/j.1469-8986.1995.tb02951 .x.

Kutas M, Federmeier KD. Electrophysiology reveals semantic memory use in language comprehension. Trends in Cog Sci 2000;4(12):463-70. https://doi.org/
10.1016/51364-6613(00)01560-6.

McCarthy G, Nobre AC. Modulation of semantic processing by spatial selective attention. Electroencephalogr Clin Neurophysiol 1993;88:210-9. https://doi.
0rg/10.1016/0168-5597(93)90005-A.

Bentin S, et al. Semantic processing and memory for attended and unattended words in dichotic listening: behavioral and electrophysiological evidence. J Exp
Psychol Hum Percept Perform 1995;21:54-67. https://doi.org/10.1037//0096-1523.21.1.54.

Brown C, Hagoort P. The processing nature of the N400: evidence from masked priming. J Cogn Neurosci 1993;5:34-44. https://doi.org/10.1162/
jocn.1993.5.1.34.

Rugg MD, Doyle MC. Event-related potentials and stimulus repetition in direct and indirect tests of memory. In: Heinze H-J, editor. Cognitive Electrophysiology.
Birkhauser; 1994. p. 124-48.

Halgren E. Insights from evoked potentials into the neuropsychological mechanisms of reading. In: Arnold B, Scheibel AFW, editors. Neurobiology of Higher
Cognitive Function. Guilford Press; 1990. p. 103-50.

Federmeier KD, Kutas M. A rose by any other name: long-term memory structure and sentence processing. J Mem Lang 1999;41:469-95.


https://doi.org/10.1212/wnl.49.3.786
https://doi.org/10.1111/j.1467-8721.2008.00570.x
https://doi.org/10.1111/j.1467-8721.2008.00570.x
https://doi.org/10.1016/S1388-2457(01)00463-1
https://doi.org/10.1023/A:1021713901879
https://doi.org/10.1023/A:1021713901879
https://doi.org/10.1016/0013-4694(93)90119-g
http://refhub.elsevier.com/S2589-9589(25)00006-4/h0090
https://doi.org/10.1038/383256a0
https://doi.org/10.1016/j.clinph.2007.04.019
http://refhub.elsevier.com/S2589-9589(25)00006-4/h0105
http://refhub.elsevier.com/S2589-9589(25)00006-4/h0105
http://refhub.elsevier.com/S2589-9589(25)00006-4/h0110
https://doi.org/10.1038/nchembio.552
https://doi.org/10.1161/01.str.27.8.1274
http://refhub.elsevier.com/S2589-9589(25)00006-4/h0125
http://refhub.elsevier.com/S2589-9589(25)00006-4/h0125
https://doi.org/10.1177/0963721411429458
https://doi.org/10.3758/s13428-014-0543-2
https://doi.org/10.1016/j.neurobiolaging.2024.01.007
https://doi.org/10.1016/j.neuroimage.2020.117465
https://doi.org/10.1177/1073191104269954
https://doi.org/10.1177/1073191104269954
https://doi.org/10.3758/BF03206077
https://doi.org/10.1017/S0048577201990559
https://doi.org/10.1111/j.1469-8986.1989.tb03137.x
https://doi.org/10.1093/cercor/8.7.5638
https://doi.org/10.1111/1469-8986.3860998
https://doi.org/10.1111/1469-8986.3860998
https://doi.org/10.1016/j.clinph.2005.03.015
https://doi.org/10.1016/j.ijpsycho.2022.03.004
https://doi.org/10.1016/j.brainres.2015.05.003
https://doi.org/10.1111/j.1469-8986.1977.tb01312.x
https://doi.org/10.1126/science.959831
https://doi.org/10.1017/S0140525X00058027
https://doi.org/10.1017/S0140525X00058027
https://doi.org/10.1111/1469-8986.3660835
https://doi.org/10.1016/j.ijpsycho.2005.12.012
https://doi.org/10.1016/j.ijpsycho.2005.12.012
https://doi.org/10.1016/S0091-6773(76)91447-4
https://doi.org/10.1016/S0091-6773(76)91447-4
https://doi.org/10.1017/S004857729998099X
https://doi.org/10.1016/S0022-5371(80)90312-6
https://doi.org/10.1016/S0022-5371(80)90312-6
https://doi.org/10.1111/j.1469-8986.1995.tb02951.x
https://doi.org/10.1016/S1364-6613(00)01560-6
https://doi.org/10.1016/S1364-6613(00)01560-6
https://doi.org/10.1016/0168-5597(93)90005-A
https://doi.org/10.1016/0168-5597(93)90005-A
https://doi.org/10.1037//0096-1523.21.1.54
https://doi.org/10.1162/jocn.1993.5.1.34
https://doi.org/10.1162/jocn.1993.5.1.34
http://refhub.elsevier.com/S2589-9589(25)00006-4/h0255
http://refhub.elsevier.com/S2589-9589(25)00006-4/h0255
http://refhub.elsevier.com/S2589-9589(25)00006-4/h0260
http://refhub.elsevier.com/S2589-9589(25)00006-4/h0260
http://refhub.elsevier.com/S2589-9589(25)00006-4/h0265

J. Joshi et al. Neurobiology of Aging Science 7 (2025) 100140

[55] YiY, Friedman D. Event-related potential (ERP) measures reveal the timing of memory selection processes and proactive interference resolution in working
memory. Brain Res 2011;1411:41-56. https://doi.org/10.1016/j.brainres.2011.07.004.

[56] Daffner KR, Chong H, Sun X, Tarbi EC, Riis JL, McGinnis SM, et al. Mechanisms underlying age- and performance-related differences in working memory. J Cogn
Neurosci 2011;23(6):1298-314. https://doi.org/10.1162/jocn.2010.21540.

[57] van Dinteren R, Arns M, Jongsma ML, Kessels RP. P300 development across the lifespan: a systematic review and meta-analysis. PLoS One 2014;9(2):e87347.
https://doi.org/10.1371/journal.pone.0087347.

[58] Joyal M, Groleau C, Bouchard C, Wilson MA, Fecteau S. Semantic processing in healthy aging and Alzheimer’s Disease: a systematic review of the N400
differences. Brain Sci 2020;10(11):770. https://doi.org/10.3390/brainscil0110770.

[59] Saliasi E, Geerligs L, Lorist MM, Maurits NM. The relationship between P3 amplitude and working memory performance differs in young and older adults. PLoS
ONE 2013;8(5). https://doi.org/10.1371/journal.pone.0063701.

[60] Conway ARA, Kane MJ, Bunting MF, Hambrick ZD, Wilhelm O, Engle RW, et al. Working memory span tasks: A methodological review and user’s guide.
Psychon Bull Rev 2005;12:769-86. https://doi.org/10.3758/BF03196772.

[61] Bopp KL, Verhaeghen P. Aging and n-back performance: A meta-analysis. J Gerontol: Ser B 2018;75(2):229-40. https://doi.org/10.1093/geronb/gby024.

[62] Bopp KL, Verhaeghen P. Aging and verbal memory span: a meta-analysis. J Gerontol Ser B 2005;60(5):223-33. https://doi.org/10.1093/geronb/60.5.P223.

[63] Faul F, Erdfelder E, Lang AG, Buchner A. G*Power 3: a flexible statistical power analysis program for the social, behavioral, and biomedical sciences. Behav Res
Methods 2007;39(2):175-91. https://doi.org/10.3758/bf03193146.

[64] Shipley WC, Burlingame CC. A convenient self-administering scale for measuring intellectual impairment in psychotics. Am J Psychiatry 1941;97:1313-25.
https://doi.org/10.1176/ajp.97.6.1313.

[65] Dalton JE, Pederson SL, McEntyre WAL. A comparison of the Shipley vs. WAIS-R subtests in predicting WAIS-R Full Scale IQ. J Clin Psychol 1987;43(2):278-80.
https://doi.org/10.1002/1097-4679(198703)43:2<278::AID-JCLP2270430220>3.0.CO;2-D.

[66] Harnish M, Beatty WW, Nixon SJ, Parsons OA. Performance by normal subjects on the Shipley Institute of Living Scale. J Clin Psychol 1994;50(6):881-3.
https://doi.org/10.1002/1097-4679(199411)50:6<881::AID-JCLP2270500611>3.0.CO;2-4.

[67] Redick TS, Broadway JM, Meier ME, Kuriakose PS, Unsworth N, Kane MJ, et al. Measuring working memory capacity with automated complex span tasks.
European J Psychol Assess 2012;28(3):164-71. https://doi.org/10.1027/1015-5759/a000123.

[68] Foster JL, Shipstead Z, Harrison TL, Hicks KL, Redick TS, Engle RW. Shortened complex span tasks can reliably measure working memory capacity. Mem Cogn
2015;43:226-36. https://doi.org/10.3758/513421-014-0461-7.

[69] Brose A, Schmiedek F, Lovdén M, Lindenberger U. Daily variability in working memory is coupled with negative affect: The role of attention and motivation.
Emot 2012;12(3):605-17. https://doi.org/10.1037/a0024436.

[70] Cowan N. Visual and Auditory Working Memory Capacity. Trends Cogn Sci 1998;2(3):77. https://doi.org/10.1016/51364-6613(98)01144-9.

[71] Engle RW, Kane MJ. Executive attention, working memory capacity, and a two-factor theory of cognitive control. Psychol Learn Motiv 2003;44:145-99. https://
doi.org/10.1016/S0079-7421(03)44005-X.

[72] Kane MJ, Hambrick DZ, Tuholski SW, Wilhelm O, Payne TW, Engle RW. The generality of working memory capacity: a latent-variable approach to verbal and
visuospatial memory span and reasoning. J Exp Psychol Gen 2004;133(2):189-217. https://doi.org/10.1037/0096-3445.133.2.189.

[73] Unsworth N, Engle RW. The nature of individual differences in working memory capacity: active maintenance in primary memory and controlled search from
secondary memory. Psychol Rev 2007;114(1):104-32. https://doi.org/10.1037/0033-295X.114.1.104.

[74] Gonthier C. An easy way to improve scoring of memory span tasks: the edit distance, beyond “correct recall in the correct serial position”. Behav Res Methods
2023;55:2021-36. https://doi.org/10.3758/513428-022-01908-2.

[75] Tsukahara JS. englelab: an R package for processing complex-span and attention control tasks downloaded from the EngleLab (Version 1.1.0) [software].
Zenodo 2022. https://doi.org/10.5281/zenodo.6987145.

[76] Delorme A, Makeig S. EEGLAB: an open source toolbox for analysis of single-trial EEG dynamics including independent component analysis. J Neurosci Methods
2004;134(1):9-21. https://doi.org/10.1016/j.jneumeth.2003.10.009.

[77]1 Jung TP, Makeig S, Humphries C, Lee TW, McKeown MJ, Iragui V, et al. Removing electroencephalographic artifacts by blind source separation. Psychophysiol
2000;37(2):163-78. https://doi.org/10.1111/1469-8986.3720163.

[78] Chaumon M, Bishop DVM, Busch NA. A practical guide to the selection of independent components of the electroencephalogram for artifact correction.
J Neurosci Methods 2015;250:47-63. https://doi.org/10.1016/j.jneumeth.2015.02.025.

[79] Pion-Tonachini L, Kreutz-Delgado K, Makeig S. ICLabel: an automated electroencephalographic independent component classifier, dataset, and website.
Neuroimage 2019;198:181-97. https://doi.org/10.1016/j.neuroimage.2019.05.026.

[80] Jenkins L, Myerson J, Joerding JA, Hale S. Converging evidence that visuospatial cognition is more age-sensitive than verbal cognition. Psychol Aging 2000;15
(1):157-75. https://doi.org/10.1037/0882-7974.15.1.157.

[81] Hartley AA, Speer NK, Jonides J, Reuter-Lorenz PA, Smith EE. Is the dissociability of working memory systems for name identity, visual-object identity, and
spatial location maintained in old age? Neuropsychol 2001;15(1):3-17. https://doi.org/10.1037/0894-4105.15.1.3.

[82] Khanzhyn D, van Heuven WJB, Rataj K. The impact of spatial and verbal working memory load on semantic relatedness judgements. Psychon Bull Rev 2024;31
(2):781-9. https://doi.org/10.3758/s13423-023-02323-0.

[83] Salisbury DF. Semantic memory and verbal working memory correlates of N400 to subordinate homographs. Brain Cogn 2004;55(2):396-9. https://doi.org/
10.1016/j.bandc.2004.02.057.

[84] Unsworth N, Fukuda K, Awh E, Vogel EK. Working memory and fluid intelligence: capacity, attention control, and secondary memory retrieval. Cogn Psychol
2014 Jun;71:1-26. https://doi.org/10.1016/j.cogpsych.2014.01.003.

[85] Kane MJ, Engle RW. The role of prefrontal cortex in working-memory capacity, executive attention, and general fluid intelligence: an individual-differences
perspective. Psychon Bull Rev 2002;9(4):637-71. https://doi.org/10.3758/BF03196323.

[86] Kane MJ, Conway ARA, Miura TK, Colflesh GJH. Working memory, attention control, and the N-back task: a question of construct validity. J Exp Psychol Learn
Mem Cogn 2007;33(3):615-22. https://doi.org/10.1037/0278-7393.33.3.615.

10


https://doi.org/10.1016/j.brainres.2011.07.004
https://doi.org/10.1162/jocn.2010.21540
https://doi.org/10.1371/journal.pone.0087347
https://doi.org/10.3390/brainsci10110770
https://doi.org/10.1371/journal.pone.0063701
https://doi.org/10.3758/BF03196772
https://doi.org/10.1093/geronb/gby024
https://doi.org/10.1093/geronb/60.5.P223
https://doi.org/10.3758/bf03193146
https://doi.org/10.1176/ajp.97.6.1313
https://doi.org/10.1002/1097-4679(198703)43:2<278::AID-JCLP2270430220>3.0.CO;2-D
https://doi.org/10.1002/1097-4679(199411)50:6<881::AID-JCLP2270500611>3.0.CO;2-4
https://doi.org/10.1027/1015-5759/a000123
https://doi.org/10.3758/s13421-014-0461-7
https://doi.org/10.1037/a0024436
https://doi.org/10.1016/S1364-6613(98)01144-9
https://doi.org/10.1016/S0079-7421(03)44005-X
https://doi.org/10.1016/S0079-7421(03)44005-X
https://doi.org/10.1037/0096-3445.133.2.189
https://doi.org/10.1037/0033-295X.114.1.104
https://doi.org/10.3758/s13428-022-01908-2
https://doi.org/10.5281/zenodo.6987145
https://doi.org/10.1016/j.jneumeth.2003.10.009
https://doi.org/10.1111/1469-8986.3720163
https://doi.org/10.1016/j.jneumeth.2015.02.025
https://doi.org/10.1016/j.neuroimage.2019.05.026
https://doi.org/10.1037/0882-7974.15.1.157
https://doi.org/10.1037/0894-4105.15.1.3
https://doi.org/10.3758/s13423-023-02323-0
https://doi.org/10.1016/j.bandc.2004.02.057
https://doi.org/10.1016/j.bandc.2004.02.057
https://doi.org/10.1016/j.cogpsych.2014.01.003
https://doi.org/10.3758/BF03196323
https://doi.org/10.1037/0278-7393.33.3.615

	Complex span measures of working memory do not mediate the effects of age on the P3 and N400 ERPs
	1 Introduction
	2 Methods
	2.1 Participants
	2.2 Procedure
	2.2.1 WM complex span tasks
	2.2.1 ERP tasks

	2.3 Electrophysiological methods
	2.3.1 EEG data analysis and Reduction


	3 Results
	3.1 Complex span
	3.2 Visual Oddball/P3 (see Tables 2 and 3; Fig. 1a)
	3.3 Word-Pair Task/N400 (see Tables 3 and 4; Fig. 1b)

	4 Discussion
	Verification statement
	CRediT authorship contribution statement
	Funding
	Declaration of competing interest
	Acknowledgments
	Data availability
	References


