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Abstract
Tasks on multiple targets involve, to some extent, at least two capacity-limited classes of mechanisms: attentional indi-
viduation and visuo-spatial working memory (vWM). It is also known that these mechanisms tend to decline with aging. 
In this study, we hypothesized that if both mechanisms underlie the analysis of multiple objects, then training one task 
involving multiple objects should benefit other tasks requiring multiple object processing, regardless of task contents 
or instructions. In addition, we predicted that older adults would benefit more from the training protocol. To test these 
hypotheses, we trained two groups of young and older participants, one with a delayed match-to-sample (DMTS) task and 
one with rapid enumeration. Training effects (compared to test/re-test effects of a passive control group) were assessed 
on both DMTS and rapid enumeration. Results indicated a training-related benefit within and across tasks, regardless 
of age. Older adults’ gain from training was larger compared to the young counterpart. In addition, and irrespective of 
age, individual differences in baseline performance correlate with training outcomes, with compensatory activity likely 
occurring for low-performing individuals.

Keywords Enumeration · Working memory · Training · Aging · Attention · Individual differences

Introduction

The concurrent handling of multiple visual objects is a foun-
dational process for creating a unified perception of the envi-
ronment. As a result, this capability is a common feature in 
individuals of all age groups, as well as in various animal 
species (Cavanagh & Alvarez, 2005; Nieder, 2019; Xu et al., 
2005). To investigate it thoroughly, research has developed 
several cognitive tasks involving the requirement to process 
multiple objects simultaneously. Popular paradigms encom-
pass delayed match-to-sample (DMTS) judgments (Luck & 
Vogel, 1998), rapid visual enumeration (Trick & Pylyshyn, 
1994), and multiple object tracking (Scholl, 2001). Despite 
some task-specific peculiarity (e.g., the presence of a cue 
in DMTS tasks, the inclusion of moving items in multiple-
object tracking paradigms), it can be argued that all tasks 
requiring multiple object processing involve, to some extent, 
at least two classes of mechanisms: attentional individuation 
and working memory, both of which are capacity-limited 
(Xu, 2018).

Early individuation mechanisms provide a coarse repre-
sentation of up to 3–4 objects, allowing the visual system 
to individuate each object as being separate from others. 

Statement of Relevance
Many daily activities, such as driving in traffic or shopping, 

involve processing multiple objects simultaneously. This 
multitasking activity relies on two keys, limited-capacity abilities: 
one for focusing attention on individual items and another for 
briefly remembering those items. Typically, both abilities decline 
with age. We hypothesized that if these abilities are fundamental 
for handling multiple objects, improving performance in one task 
involving multiple objects should benefit other tasks requiring 
similar skills, regardless of the specific task content. We trained 
one group of participants in a task requiring short-term item 
memory (delayed match-to-sample or DMTS), while another 
group engaged in rapid item counting. We also considered age 
differences by comparing younger and older adults. Although 
older individuals benefit more from training procedures, training 
per se positively impacted both types of tasks, regardless of 
participants’ age. Furthermore, individuals with initially lower 
task performance showed significant improvements, suggesting 
that our brain compensates for weaker performance through 
increased effort during task practice.
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Research has suggested that simultaneous indexing of rel-
evant items is tightly related to attention, being indeed one of 
its key functions (see Cavanagh, 2011). Subsequent mecha-
nisms, relying on the operation of visual working memory 
(vWM), maintain temporarily and efficiently up to 3–4 
individual representations for further processing, ultimately 
leading to complete recognition and identification.

The proposed involvement of attentional individuation 
and vWM operations in analyzing multiple objects has 
empirically been supported by behavioral measures and 
neuroimaging data. Functional magnetic resonance imaging 
(fMRI) and electroencephalographic (EEG) studies on rapid 
enumeration and DMTS (e.g., Knops et al., 2014; LaBar 
et al., 1999; Tagliabue et al., 2020; Vogel & Machizawa, 
2004) have indicated the existence of two distinct spati-
otemporal patterns of neural activity (mainly in parietal and 
occipital extrastriata areas and with a latency of 180–300 ms 
and 350–600 ms, respectively) that correlate with the func-
tional difference between individuation and late processing 
after individuation (Störmer et al., 2013; Zanto & Gazzaley, 
2009). Crucially, the response of these two neural patterns 
increases with target numerosities and displays signs of 
capacity limits, reaching an asymptote at about 4 elements 
(Luria et al., 2016; Mazza & Caramazza, 2015). The two 
mechanisms are linked to one another (e.g., LaBar et al., 
1999; Van Ede & Nobre, 2023; Zhou et al., 2022), with the 
former attentional mechanism preceding and likely influenc-
ing the functioning of the latter (Naveh-Benjamin & Cowan, 
2023; Panichello & Bushman, 2021). For instance, previous 
studies (e.g., Piazza et al., 2011; Tagliabue et al., 2022a, 
2022b) indicate that those individuals who are more efficient 
in selecting relevant items exhibit a larger vWM capacity.

Overall, the accumulating evidence so far points to the 
contribution of both mechanisms to the analysis of multiple 
objects in diverse experimental contexts. Thus, one should 
predict that training one task involving multiple objects 
should benefit other tasks requiring multiple object process-
ing, regardless of the specific task contents or instructions. 
To test for this, in the current study, we trained two groups 
of participants, one with a DMTS task and one with a rapid 
enumeration task. Training effects (compared to test/re-test 
effects of a passive, control group) were then assessed on 
both DMTS and rapid enumeration. If the same underlying 
mechanisms (attention and working memory) are crucial to 
perform both DMTS and enumeration as shown in the previ-
ous literature, then training should impact, at least to some 
extent, both the trained and the untrained task, regardless 
of the task used during training. Namely, is it possible to 
improve performance in one task by practicing the other 
one? And do we get the same gain as in task repetition?

While searching for the interchangeable effects of multi-
ple object training procedures, we additionally investigated 
whether training-induced effects are maintained across 

early and late adulthood by comparing younger and older 
adults. Indeed, it has been reported that several cognitive 
abilities, including attention and vWM, decline with aging, 
although some contrasting findings have been shown (for a 
recent review, see Naveh-Benjamin & Cowan, 2023). Thus, 
investigating the impact of training on older adults may be 
instrumental to understanding whether and how declining 
functions in aging could be (at least, temporarily) restored. 
In addition, accumulating evidence highlights a correlation 
between attention and vWM observed in older adults (Gaz-
zaley et al., 2008; Naveh-Benjamin & Cowan, 2023), such 
that older individuals with a larger decline in attention tasks 
show a larger decline in WM functioning as well. Thus, one 
could predict that (1) the effects of training are boosted in 
older adults, as they have more room for improvement, and 
(2) given the correlation between attention and WM per-
formance in older individuals, the improvement should be 
visible regardless of the specific task involved in the training 
phase, as predicted in young adults.

Finally, previous research has indicated that individual 
differences may have a key role in determining the success 
of a training procedure. In particular, it has been shown that 
variation in performance at baseline is linked to WM training 
outcome (Ophey et al., 2020). However, the specific direc-
tion of this relation can vary, ranging from magnification 
(wherein high-performing individuals experience greater 
benefit from training) to compensation (with low-performing 
experiencing larger training gains, see Lövdén et al., 2012). 
For these reasons, to better elucidate the impact of individual 
differences on training gains, here we investigated the link 
between individual accuracy at baseline in the two tasks and 
the subsequent training gains. In line with a meta-analysis in 
aging reporting a negative association between baseline per-
formance and training gains (Traut et al., 2021), we predicted 
that at least in the case of older individuals, low performers at 
baseline should benefit more from training procedures.

Materials and Methods

Participants

The whole study was conducted online and participants were 
recruited through Prolific (https:// www. proli fic. co/). An a 
priori power analysis (PANGEA: https:// jakew estfa ll. shiny 
apps. io/ pangea/) estimated a sample size of 30 participants 
per group to detect a three-way interaction session * training 
* age; see “Statistical Analyses” for details) with 85% power 
(Cohen, 1988) and a medium effect size (Cohen’s d = 0.45). 
To account for dropouts and technical issues, we set testing 
at 42 participants per group.

Selection criteria on Prolific were the following: age 
(young: from 20 to 30 years; old: from 65 to 75 years), 

https://www.prolific.co/
https://jakewestfall.shinyapps.io/pangea/
https://jakewestfall.shinyapps.io/pangea/
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handedness (right-handed), vision (normal or corrected-to-
normal), health condition (no diagnosis of mild cognitive 
impairment or dementia and no ongoing mental illness), 
and fluency in English. Additionally, older participants 
completed a custom-made online version of SATURN (Self-
Administered Tasks Uncovering Risk of Neurodegeneration; 
see Tagliabue et al., 2023a) to further exclude any potential 
cognitive impairment. A score of at least 26 on SATURN 
allowed older participants to be enrolled in the study.

For both age groups, outliers were identified as partici-
pants whose performance at baseline (in one or both tasks) 
exceeded three standard deviations at the easiest task condi-
tion (i.e., k at load 3 for younger and at load 2 for older in 
the DMTS task, and accuracy averaged across numerosity 
1 and 2 for the enumeration task; see “Stimuli and Proce-
dure” for further details). Within each age cohort, the three 
training groups did not differ in age (ps > 0.454), years of 
formal education (ps > 0.310), and familiarity with technol-
ogy (FWT, measured through a custom-made questionnaire; 
ps > 0.548). Moreover, the three groups of older adults did 
not differ in SATURN score (p = 0.627). Notably, younger 
and older adults did not differ in years of formal educa-
tion (pWelch = 0.874) and familiarity with technology score 

(p = 0.636). The recruitment, exclusion, and allocation of 
participants are included in the CONSORT-like flow dia-
gram (Fig. 1).

All participants were compensated for their partici-
pation (young adults in the passive group = £16; older 
adults in the passive group = £17.5; young adults in the 
training groups = £23.95; older adults in the training 
groups = £25.45). The additional reimbursement for older 
participants is due to the fact that they performed the SAT-
URN test, which takes approximately 20 min.

The study was approved by the Ethics Committee of the 
University of Trento (Prot. 2022–041) and conducted in 
accordance with the 2013 Declaration of Helsinki. Partici-
pants’ informed consent was acquired through the platform 
Psytoolkit (Stoet, 2010) before testing.

Training Structure

The whole study lasted 9 days. During the first and the last 
sessions (Sessions 1 and 7), all participants performed the 
DMTS and the enumeration task (task order was counterbal-
anced across participants and sessions). During the interme-
diate sessions (from Sessions 2 to 6), all the groups filled in 

Fig. 1  CONSORT flow diagram for sample definition. Abbreviations: standard deviation (sd); familiarity with technology (FWT)
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some questionnaires. Moreover, the two training groups per-
formed an adaptive training version of either the DMTS or 
the enumeration task (see “Stimuli and Procedure”), accord-
ing to group sorting. Participants had a 2-day break between 
Sessions 6 and 7 (Fig. 2A).

Stimuli and Procedure

The tasks were coded in PsychoPy (Peirce et al., 2019) and 
uploaded on the platform Pavlovia (https:// pavlo via. org/). To 
ensure stable stimulus size across participants, at the begin-
ning of each session, they had to sit in front of the monitor 
at arm’s length distance (~ 70 cm) and complete a procedure 
that estimated the actual size of their monitor (see Li et al., 
2020; https:// gitlab. pavlo via. org/ Wake/ scree nscale).

DMTS (Sessions 1 and 7)

Stimulus parameters and trial structure were similar to those 
used in previous studies (Tagliabue et al., 2022a, 2022b, 
2023b). Stimuli were colored and light gray dots (0.6°) on a 
dark gray background. Specific colors were used for colored 
dots presented in the relevant (i.e., targets) and irrelevant 
hemifield. Since we increased the maximum difficulty reach-
able in the adaptive DMTS task with respect to the previous 
studies (Tagliabue et al., 2022a, 2022b, 2023b), we slightly 
changed the colors used as follows: eight unique colors for 
dots in the relevant hemifield (light blue [RGB: 28, 175, 
255], yellow [RGB: 255, 255, 0], purple [RGB: 255, 47, 
255], green [RGB: 0, 185, 0], red [RGB: 255, 0, 0], blue 
[RGB: 0, 0, 255], brown [RGB: 128, 64, 64], and orange 
[RGB: 244, 122, 0]) and eight unique colors for dots in the 

Fig. 2  A Training timeline for the three training groups: DMTS (top, 
green), enumeration (center, orange), and passive (bottom, yellow). B 
Temporal structure of a DMTS trial with a memory load of three ele-

ments in the left hemifield. C Temporal structure of an enumeration 
trial with three elements to enumerate

https://pavlovia.org/
https://gitlab.pavlovia.org/Wake/screenscale
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irrelevant hemifield (light blue [RGB: 81, 255, 255], salmon 
[RGB: 255, 128, 128], dark green [RGB: 0, 128, 0], violet 
[RGB: 128, 0, 255], light orange [RGB: 255, 175, 43], pink 
[RGB: 255, 155, 255], light yellow [RGB: 233, 218, 148], 
and light brown [RGB: 149, 92, 92]).

In each trial, to balance the overall perceived diffi-
culty of the task between age groups (see Tagliabue et al., 
2022a, 2022b) , either 2, 3, 4 (for older adults) or 3, 4, 5 (for 
younger adults) colored dots were presented in each hemi-
field, together with gray dots. The total number of stimuli 
presented on screen was kept constant: 24, comprising 12 
dots (colored + gray) per hemifield. The stimuli were ran-
domly positioned inside an invisible 10 (columns) × 8 (rows) 
grid (16° width × 10° height), centered on the center of the 
screen.

A black fixation cross was present throughout the whole 
trial. After a 1-s inter-stimulus interval, a black arrow cue 
(100% valid), pointing with an equal probability toward left 
or right, appeared for 500 ms above fixation. The direction 
of the cue indicated the relevant hemifield to be attended 
to. After 1 s, a memory array was presented for 300 ms. 
Participants had to memorize the colored dots presented in 
the cued, relevant hemifield. After a 1200-ms delay period, 
a test array appeared: in half of the trials, the test array was 
identical to the memory array (i.e., no change trials), while 
in the other half of the trials it was different (i.e., change tri-
als), meaning that one colored dot of the relevant hemifield 
changed its color. Participants judged whether the test array 
was identical or different from the memory array by press-
ing, with their right hand, the arrow keys on the keyboard: 
right arrow for “same,” left arrow for “different.” The test 
array stayed on screen until participant’s response or for a 
maximum of 3 s (Fig. 2B). Participants performed 216 total 
trials, divided in 6 blocks of 36 trials each (12 trials per 
numerosity).

Enumeration (Sessions 1 and 7)

Stimulus parameters (size, color, spatial arrangement) were 
the same as in the DMTS task. Here, no arrow cue was pre-
sented to indicate the subsequent relevant hemifield. Fol-
lowing a 1-s inter-stimulus interval, an enumeration array 
appeared for 300 ms, with colored and gray dots presented 
in one hemifield, while the other hemifield included only 
gray dots. Thus, participants did not know in advance the 
hemifield where to-be-enumerated dots could be presented. 
The number of colored dots to be enumerated ranged from 1 
to 6. After a delay of 500 ms, an answer grid with response 
buttons appeared (Fig. 2C). Participants responded through 
mouse clicks, without time limits. In total, there were 252 
trials, divided into 7 blocks of 36 trials each (6 trials per 
numerosity).

Pseudo‑Adaptive DMTS (Sessions 2 to 6)

Each training session was built as a staircase-like procedure: 
it started with the easiest memory load (i.e., one colored 
dot to remember) and increased in difficulty, by adding one 
colored dot per block, if accuracy was at least 90% at the 
end of the block. If accuracy was below 90%, the partici-
pant repeated the same difficulty level. There were 10 blocks 
of 20 trials, and the maximum reachable difficulty was a 
memory load of seven colored dots. Each training session 
lasted for approximately 20 min, without considering the 
completion of the questionnaires.

Pseudo‑Adaptive Enumeration (Sessions 2 to 6)

Similar to the pseudo-adaptive DMTS, each training ses-
sion started with the easiest difficulty level. The difficulty 
level was determined by the accuracy obtained with “target 
numerosities” within each block: each block included 24 
trials and, of these 24 trials, 18 were defined “target numer-
osities” for a specific difficulty level (three target numer-
osities of six trials each), while the remaining trials were 
“non-target numerosities” (see Table 1). Participants com-
pleted 11 blocks and advanced to the next difficulty level if 
their accuracy reached at least 90% with target numerosities; 
otherwise, they remained at the same difficulty level. There 
were seven difficulty levels. Each training session lasted for 
approximately 20 min, without considering the completion 
of the questionnaires.

Statistical Analyses

Main Analysis

For the DMTS task, in both Session 1 and Session 7, we 
computed a vWM capacity estimate (k) for each memory 
load (Cowan, 2010; Rouder et al., 2011) , using the follow-
ing formula: k = [(hit rate − false alarm rate)/(1 − false alarm 
rate)] * load. Load is the number of to-be-remembered dots 

Table 1  Difficulty levels of the adaptive enumeration task. In each 
block, 18 trials were “target numerosities” and 6 were “non-target 
numerosities”

Difficulty Target numerosities Non-target numerosities

1 1 2 3 4 5 6 7 8 9
2 2 3 4 1 5 6 7 8 9
3 3 4 5 1 2 6 7 8 9
4 4 5 6 1 2 3 7 8 9
5 5 6 7 1 2 3 4 8 9
6 6 7 8 1 2 3 4 5 9
7 7 8 9 1 2 3 4 5 6
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(i.e., 2, 3, 4, 5), hits are correct responses in “change” trials 
(i.e., “different”), and false alarms are incorrect responses in 
“no change” trials (i.e., “different”). The higher the k value, 
the larger the individual vWM capacity. Following previous 
vWM studies where different memory loads were used for 
younger and older adults in vWM tasks (Iordan et al., 2020; 
Sander et al., 2011) , only memory load conditions tested in 
both age groups were analyzed (i.e., 3, 4). k values were thus 
averaged across loads 3 and 4.

For the enumeration task, in both Session 1 and Session 
7, we averaged the accuracy across numerosities 3 and 4, 
since the breaking point determining the subitizing range 
usually lies between these numerosities (e.g., Burr et al., 
2010; Eayrs & Lavie, 2018)  and it might represent a more 
sensible measure to investigate training-related effects.

To investigate improvements between Sessions 1 and 7 
(in mean k and accuracy for the DMTS and enumeration 
task, respectively), we performed separate mixed analysis of 
variance (ANOVA) on training gains (i.e., S7-S1 scores, see 
Jaeggi et al., 2011) for each task, with age (2 levels: young, 
old) and training (3 levels: passive, DMTS, enumeration) as 
between-subject factors. For follow-up analyses to investi-
gate significant main and interaction effects, we conducted 
FDR corrected (pfdr) t-tests (https:// www. sdmpr oject. com/ 
utili ties/? show= FDR). In case of significant Mauchly’s or 
Levene’s tests, corrected Greenhouse–Geisser or Welch p 
values are reported, respectively. The effect size was com-
puted using partial eta squared (ηp

2) and Cohen’s d indexes 
for ANOVAs and t-tests, respectively.

Post HocAnalysis of Individual Differences

Correlation Between Tasks at Baseline To assess the link 
between the DMTS and enumeration tasks, we performed 
Pearson correlations between the performance in the two 
tasks (mean k across loads 3 and 4, mean accuracy across 
numerosities 3 and 4) during Session 1, separately for the 
two age groups (and regardless of training).

Baseline Performance and Training Gains (S7‑S1) In cognitive 
training procedures, individual differences at baseline could 
represent a critical factor in determining the training outcomes. 
Therefore, following previous studies with comparable sample 
size (Arciniega et al., 2018; Tagliabue et al., 2022a, 2022b), 
we conducted a post hoc analysis based on a median-split divi-
sion of accuracy performance values obtained in Session 1. 
Namely, participants in each age group were classified as high 
and low performers, on the basis of the ranked mean k values 
computed for load 3 and load 4 for DMTS, and mean accuracy 
values for numerosities 3 and 4 for enumeration. This proce-
dure led to four groups of participants (young high performers, 
young low performers, old high performers, and old low per-
formers) in each task. The data were analyzed as in the main 

analysis, with the additional factor of performance (2 levels: 
low, high) as a between-subject factor. To avoid redundancies 
with the main analysis, here we conducted follow-up analyses 
only for significant effects involving performance as a factor.

Further post hoc correlational analyses limited to the 
active training groups were performed, to further test the 
impact of individual differences at baseline on training out-
comes using a more continuous dimension on performance 
accuracy at baseline.

Baseline Performance and Training Phase (DMT and Enumer‑
ation, Sessions 2 to 6) Here, we further evaluated the impact 
of individual differences at baseline on the learning pattern 
during the training phase. Specifically, we asked whether the 
learning trend differs between low versus high performers.
Following our previous study (Tagliabue et al., 2022a, 
2022b), an index was obtained by multiplying the dif-
ficulty level reached in each block by its relative accu-
racy, averaged across blocks to obtain one value per ses-
sion [average*(difficulty level reached*accuracy in each 
block)]. Separately for the DMTS and enumeration train-
ing groups, these values were analyzed by means of a 
mixed ANOVA, with age (2 levels: old and young) and 
performance (2 levels: low and high) as between-subject 
factors and session (5 levels: S2, S3, S4, S5, S6) as within-
subject factor. Post hoc analyses involving a significant 
effect of session were conducted by means of polynomial 
contrasts, which investigate the presence of specific train-
ing patterns (e.g., linear, quadratic).

All the statistical analyses were performed with JASP 
(v. 0.18.1.0) (JASP Team, 2023) and plots were computed 
with RStudio (RStudio Team, 2020), using ggplot2 library 
(Wickham, 2016).

Results

Control Analysis

In order to control for performance differences at base-
line (Session 1), we computed an ANOVA separately for 
each age group, with training (3 levels: DMTS, enumera-
tion, passive) as between subject factor. In both older and 
young adults, and in both DMTS and enumeration tasks, 
no significant effects were found in Session 1, ps > 0.05. 
This suggests that the training groups were comparable 
at baseline.

Main Analysis

DMTS—Session 1 vs Session 7 A summary of the basic 
descriptive statistics is reported in Table 2.

https://www.sdmproject.com/utilities/?show=FDR
https://www.sdmproject.com/utilities/?show=FDR


Journal of Cognitive Enhancement 

The ANOVA showed significant main effects of train-
ing (F(2, 218) = 7.839, p < 0.001, np

2 = 0.067) and age 
(F(1,218) = 6.835, p = 0.010, np

2 = 0.030). Specifically, older 
adults gained more than young adults (t(222) = 2.704, p = 0.007, 
d = 0.361). Pairwise comparisons across trainings showed that 
the DMTS and enumeration groups improved more than the 
passive group (passive vs DMTS: t(152) =  − 3.637, pfdr < 0.001, 
d = 0.588; passive vs enumeration: t(151) =  − 2.277, pfdr = 0.036, 
d = 0.369), while no difference emerged between DMTS and 
enumeration individuals (pWelch = 0.058). Post hoc one-sample 
t-tests versus zero (i.e., no improvement) indicated significant 
vWM enhancement in the DMTS (t(70) = 6.184, p < 0.001, 
d = 0.734) and enumeration groups (t(69) = 5.929, p < 0.001, 
d = 0.709), but not in the passive group (p = 0.213).

In sum, the results on k values showed that older people 
improved more than younger adults regardless of train-
ing, although older participants could not reach the per-
formance level of the younger counterparts. Moreover, we 
found similar training-related effects in both age groups, 
with DMTS and enumeration training enhancing vWM 
capacity to the same extent (Fig. 3).

Enumeration—Session 1 vs Session 7 A summary of the 
basic descriptive statistics is reported in Table 3.

The ANOVA indicated significant effects of train-
ing (F(2, 218) = 6.037, p = 0.003, np

2 = 0.052) and age 
(F(1,218) = 6.499, p = 0.011, np

2 = 0.029). Specifically, older 
adults gained more than young (t(222) = 2.694, p = 0.008, 
d = 0.360). The improvement of the DMTS and enumera-
tion groups was larger than that of the passive group (pas-
sive vs DMTS: t(152) =  − 2.517, pfdr = 0.020, d = 0.407; 
passive vs enumeration: t(151) =  − 3.321, pfdr = 0.003, 
d = 0.539), while no difference in training gain magnitude 
emerged between the DMTS and enumeration groups 
(pfdr = 0.491). One-sample t-tests against zero showed 
a significant improvement for the DMTS (t(70) = 5.151, 
p < 0.001, d = 0.611) and enumeration groups (t(69) = 6.525, 
p < 0.001, d = 0.780), while no significant improvement 
was evident in the passive group (p = 0.052).

To summarize, similar to the DMTS, in the enumeration 
task larger improvement was evident in older compared to 
younger adults regardless of training (enumeration versus 
DMTS), even though younger adults outperformed their older 
counterparts in both sessions. Finally, training had comparable 
effects across age groups, with both DMTS and enumeration 
enhancing the performance in the enumeration task (Fig. 4).

Post HocAnalysis of Individual Differences

Correlation Between Tasks at Baseline In both young and 
older adults, a significant positive correlation emerged 
between the performance in the DMTS and enumeration Ta
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tasks during Session 1 (younger: r(109) = 0.288, p = 0.002, 
R2 = 0.083; older: r(115) = 0.324, p < 0.001, R2 = 0.105). The 
results thus indicate that the higher the accuracy in the enu-
meration task, the larger the vWM capacity.

Baseline Performance and Training Gains (S7‑S1) Partici-
pants were divided into low and high performers according 
to a median split on the mean value computed on load 3 
and load 4 for k value (old, 1.925; young, 2.446) and on 
the mean accuracy across numerosities 3 and 4 (old, 0.714; 
young, 0.893) in Session 1, separately for each group. Nota-
bly, within the DMTS and enumeration tasks, both older 
and young low and high performers did not differ in age and 
years of education (ps > 0.05).

DMTS Based on the DMTS performance, participants were 
divided as follows: 113 high performers (58 old: 18 in the 
passive group, 22 in the DMTS, and 18 in the enumeration 
training groups; 55 young: 20 in the passive group, 16 in 
the DMTS, and 19 in the enumeration training groups) and 
111 low performers (57 old: 23 in the passive group, 16 in 
the DMTS, and 18 in the enumeration training groups; 54 
young: 22 in the passive group, 17 in the DMTS, and 15 in 
the enumeration training groups). A chi-square test checked 
whether the frequencies in each group were statistically dif-
ferent from each other. No significant differences were found 
(all ps > 0.46).
The ANOVA indicated significant effects of training 
(F(2, 212) = 9.869, p < 0.001, np

2 = 0.085), age (F(1, 212) = 8.439, 
p = 0.004, np

2 = 0.038), and performance (F(1, 212) = 15.734, 
p < 0.001, np

2 = 0.069) and of the training × performance 

interaction (F(2, 212) = 5.387, p = 0.005, np
2 = 0.048). In 

low performers, those included in the DMTS training 
group improved more than those included in the passive 
(t(76) =  − 3.746, pfdr = 0.003, d = 0.859) and enumeration train-
ing groups (t(64) = 2.81, pfdr = 0.011, d = 692), while no differ-
ences were found between the enumeration training group and 
the passive group. In high performers, no significant differ-
ences emerged (ps > 0.05).

The correlational analyses limited to the active training 
groups and separately for age were in line with the results of 
the median-split ANOVA. Indeed, in older adults, significant 
negative correlations (Session 1 and training gains) were found 
for the DMTS training, r(38) =  − 0.729, p < 0.001, and for the 
enumeration training, r (36) =  − 0.335, p = 0.046, with lower 
performers resulting in larger improvements. The same results 
emerged in young adults (DMTS training, r(33) =  − 0.581, 
p < 0.001; enumeration training, r(34) =  − 0.369, p = 0.032).

In sum, irrespective of age, low performers were over-
all facilitated by training, with a slight larger benefit for 
task repetition (DMTS training) over enumeration training 
(Fig. 5).

Enumeration On the basis of the enumeration performance at 
baseline, participants were divided as follows: 123 high per-
formers (61 old: 18 in the passive, 18 in the DMTS, and 25 in 
the enumeration training groups; 62 young: 28 in the passive, 
17 in the DMTS, and 17 in the enumeration training groups) 
and 101 low performers (54 old: 23 in the passive, 20 in the 
DMTS, and 11 in the enumeration training groups; 47 young: 
14 in the passive, 16 in the DMTS, and 17 in the enumera-
tion training groups). A chi-square test checked whether the 

Fig. 3  Box and whisker plot 
of the vWM capacity (k) in 
the DMTS task across Session 
1 and Session 7 for old and 
young adults. The horizontal 
bar inside the box represents 
the median (in black) and the 
mean (in gray). The lower and 
upper hinges correspond to the 
first and third quartiles (the 25th 
and 75th percentiles). The upper 
whisker extends from the hinge 
to the largest value no further 
than 1.5 * IQR from the hinge 
(where IQR is the interquartile 
range or distance between the 
first and third quartiles). The 
lower whisker extends from the 
hinge to the smallest value at 
most 1.5 * IQR of the hinge
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frequencies in each group were statistically different from each 
other. No significant differences were found (all ps > 0.26).

The ANOVA indicated significant effects of training 
(F(2, 212) = 7.549, p < 0.001, np

2 = 0.066), age (F(1, 212) = 7.063, 
p = 0.008, np

2 = 0.032), and performance (F(1, 212) = 32.025, 
p < 0.001, np

2 = 0.131). Low performers improved more than 
high performers (t(166) =  − 5.491, pWelch < 0.001, d = 0.752).

The correlational analyses limited to the active training 
groups and separately for age were in line with the results 
of the ANOVA. In older adults, lower performers had larger 
improvements, in the enumeration training, r(36) =  − 0.609, 
p < 0.001, and in the DMTS training, r(38) =  − 0.604, 
p < 0.001. The same pattern was present in young adults 
(enumeration training: r(34) =  − 0.907, p < 0.001; DMTS 
training: r(33) =  − 0.631, p < 0.001).

In sum, irrespective of age, low performers had larger 
gains than high performers (Fig. 6).

Baseline Performance and Training Phase (DMTS 
and Enumeration, Sessions 2 to 6)

The performance trend across the intermediate sessions for 
the DMTS and enumeration training is depicted in Fig. 7A, 
B, respectively.

DMTS Training The ANOVA indicated significant effects 
of session (F(3.4, 227.5) = 3.827, p = 0.008, np

2 = 0.054), age 
(F(1,67) = 13.909, p < 0.001, np

2 = 0.172), and performance 
(F(1,67) = 43.851, p < 0.001, np

2 = 0.396) and of the interac-
tions session × age (F(3.4, 227.5) = 5.494, p < 0.001, np

2 = 0.076) 
and session × age × performance (F(3.4, 22.7.5) = 2.929, 
p = 0.029, np

2 = 0.042). Both in older and in younger adults, 
high performers outperform low performers. Older par-
ticipants’ performance followed a significant linear trend 
(p < 0.001), irrespective of the level of initial performance 
(low vs high). In young adults, no significant trend emerged.

Enumeration Training There were effects of session 
(F(3.4, 225.1) = 15.185, p < 0.001, np

2 = 0.187) and age 
(F(1,66) = 115.4, p < 0.001, np

2 = 0.636), with young adults 
outperforming older adults, and performance (F(1,66) = 51.5, 
p < 0.001, np

2 = 0.438), with high performers outperforming low 
performers. The polynomial contrast on session indicated a sig-
nificant quadratic trend (p = 0.048), with performance increasing 
until reaching an asymptote approximately at Session 4.

Discussion

In the current study, we trained groups of young and older 
individuals in two tasks that required simultaneous atten-
tion and memory maintenance of multiple relevant objects. Ta
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Subsequently, we assessed the degree to which any acquired 
improvement from one task could be effectively applied to 
the other in a mutually interchangeable manner. The results 
of the main analyses provided a positive answer.

Indeed, in the DMTS task and for both age groups, there 
were training-related improvements, with DMTS and enu-
meration training enhancing vWM capacity to the same 
extent. The same pattern was replicated in the enumeration 

task, where both DMTS and enumeration training enhanced 
enumeration accuracy for the subitizing values, for both older 
and young individuals. While behavioral data alone do not 
allow for interpretations regarding the specific weight of each 
mechanism (attention individuation versus vWM) in the exe-
cution of enumeration or DMTS tasks, previous neurophysio-
logical research on rapid enumeration tasks has indicated that 
attentive individuation has a primary role compared to vWM 

Fig. 4  Box and whisker plot 
of the proportion of correct 
responses in the enumeration 
task across Session 1 and Ses-
sion 7 for old and young adults. 
The horizontal bar inside the 
box represents the median (in 
black) and the mean (in gray). 
The lower and upper hinges 
correspond to the first and third 
quartiles (the 25th and 75th 
percentiles). The upper whisker 
extends from the hinge to the 
largest value no further than 1.5 
* IQR from the hinge (where 
IQR is the interquartile range 
or distance between the first 
and third quartiles). The lower 
whisker extends from the hinge 
to the smallest value at most 1.5 
* IQR of the hinge

Fig. 5  Box and whisker plot of 
the median proportion of k val-
ues (difference between Session 
7 and Session 1) in the DMTS 
task for old and younger adults. 
The lower and upper hinges 
correspond to the first and third 
quartiles (the 25th and 75th 
percentiles). The upper whisker 
extends from the hinge to the 
largest value no further than 1.5 
* IQR from the hinge (where 
IQR is the interquartile range 
or distance between the first 
and third quartiles). The lower 
whisker extends from the hinge 
to the smallest value at most 1.5 
* IQR of the hinge
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(see Mazza & Caramazza, 2015, for a review). Likewise, it 
was previously shown (Tagliabue et al., 2020)  that practicing 
a DMTS task over 4 days improved the efficiency not only 
of the memory buffer where items are retained in vWM (as 
reflected by practice-related modulations of an EEG marker 
of item maintenance; Luria et al., 2016), but also of the previ-
ous processing stage of item individuation. Based on these 

data, we speculate that for both tasks, the enhancement of 
attentive individuation may have a beneficial cascade effect 
also on the subsequent item retention. Future research will 
directly address this issue by coupling neurophysiological 
measures to the training tasks used here and teasing apart 
the role of the attention and vWM components in the training 
gains on both DMTS and enumeration tasks.

Fig. 6  Box and whisker plot 
of the median proportion of 
accuracy (difference between 
Session 7 and Session 1) in the 
enumeration task for old and 
younger adults. The lower and 
upper hinges correspond to the 
first and third quartiles (the 25th 
and 75th percentiles). The upper 
whisker extends from the hinge 
to the largest value no further 
than 1.5 * IQR from the hinge 
(where IQR is the interquartile 
range or distance between the 
first and third quartiles). The 
lower whisker extends from the 
hinge to the smallest value at 
most 1.5 * IQR of the hinge

Fig. 7  The aggregate performance index per each intermediate session in (A) the DMTS and (B) enumeration training groups, for both old (solid 
lines) and young (dashed lines) adults. Vertical bars represent standard errors



 Journal of Cognitive Enhancement

The second aspect investigated in the present study was 
related to age-related effects in the amount of benefit from 
training and in transfer effects. In line with the predictions 
mentioned in the “Introduction,” the results indicated that, 
although the overall performance in both vWM and rapid enu-
meration remains deficient in old age with respect to young 
adulthood, the improvement within and across tasks was 
larger in older than young individuals. In addition, as for the 
young individuals, older adults benefit both from trained and 
from untrained tasks. Thus, the multiple object training tasks 
used here had an interchangeable effect that overcomes aging.

A limit of the present study pertains to the number of 
tasks used to assess training effects. It would be interesting 
to have a broader battery of tasks tapping attentional, vWM 
and the processing of multiple objects to address the ques-
tions raised in the present study. The limitation is due to 
the need to maintain the length of the online experimental 
sessions reasonable. Nevertheless, this implies that the cur-
rent findings only offer a limited evaluation of the “transfer” 
effects of the training tasks used. Future research should 
expand the investigation of the advantages of training mul-
tiple object processing through different tasks.

The results additionally indicated an impact of individual 
differences, which was the third aspect considered in the pre-
sent study. First, in both age groups, we replicated the positive 
relationship between accuracy within the critical subitizing 
range (numerosities 3 and 4) and vWM capacity measured in 
the DMTS task (Piazza et al., 2011). Notably, both subitizing 
and vWM capacity limits lie at around 3–4 items (Burr et al., 
2010; Cowan, 2001; Eayrs & Lavie, 2018; Tagliabue et al., 
2022a), again suggesting that attentive individuation might 
represent a first bottleneck filter through which relevant items 
are selected for subsequent processing (e.g., mapping onto a 
symbolic value for rapid enumeration and maintenance in the 
memory buffer for probe comparison during DMTS).

Second, training gains varied as a function of performance 
at baseline. Specifically, and replicating previous studies (e.g., 
Tagliabue et al., 2022b), low (but not high) performers showed 
substantial improvement, with a slightly larger effect of vWM 
training. This was shown either with a discrete separation of 
low and high performers (i.e., in the median-split analysis) or 
with the more continuous approach of correlations and irre-
spective of age. Previous studies on individual differences and 
training outcomes (Lövdén et al., 2012) have indicated that 
training procedures can lead to either magnification (wherein 
high-performing individuals experience greater benefit from 
training) or compensation (with low-performing experiencing 
larger training gains). In line with the latter view, the findings 
of the present study provided support to the compensation 
view. The additional analysis of the training sessions eluci-
dated that there were no effects of individual differences on 
the learning pattern across training sessions. Indeed, here we 

only found an age-related linear trend effect for older adults 
in vWM training and a quadratic trend for the enumeration 
training in all participants (likely due to an asymptote at Ses-
sion 4). The current study investigated individual variation in 
baseline performance; however, future research should explore 
the effect of other factors that may crucially affect the trajec-
tory of an individual’s improvement during training.

To conclude, the current data provide evidence that train-
ing either attentional individuation or vWM positively influ-
ences the ability to analyze multiple relevant objects. While 
older adults benefit more than young by training, the nature 
of the improvement does not seem to be influenced by aging. 
In contrast, individual variation in baseline performance was 
found to be linked to training outcomes, with compensatory 
activity likely occurring for low-performing individuals.
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