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Abstract: Three Posnerian networks of attention (alerting, orienting, and executive control) have been
distinguished on the bases of behavioural, neuropsychological, and neuroscientific evidence. Here,
we examined the trajectories of these networks throughout the human lifespan using the various
Attention Network Tests (ANTs), which were specifically developed to measure the efficacy of these
networks. The ANT Database was used to identify relevant research, resulting in the inclusion of
36 publications. We conducted a graphical meta-analysis using network scores from each study,
based on reaction time plotted as a function of age group. Evaluation of attentional networks from
childhood to early adulthood suggests that the alerting network develops relatively quickly, and
reaches near-adult level by the age of 12. The developmental pattern of the orienting network seems
to depend on the information value of the spatial cues. Executive control network scores show a
consistent decrease (improvement) with age in childhood. During adulthood (ages 19-75), changes
in alerting depend on the modality of the warning signal, while a moderate increase in orienting
scores was seen with increasing age. Whereas executive control scores, as measured in reaction time,
increase (deterioration) from young adulthood into later adulthood an opposite trend is seen when

scores are based on error rates.

Keywords: alerting; orienting; executive control; attention; development; lifespan; graphical

meta-analysis

“For our discipline, for understanding the organization (and disorganization)
of behaviour and thought by our mind and brain (cf. Hebb 1949), the concept
of attention is of fundamental importance. This is not because, as James (1890)
famously said, “everyone knows what attention is”; but rather because everyone’s
behaviours and thoughts are mediated, in one way or another, by some aspect of
attention”. (Klein 2022)

1. Introduction

A little over a century ago, Titchener (1908) described attention as “the nerve of the
whole psychological system”. Despite this early placement of the concept at the crux of
psychological thinking, attention, along with other mental constructs, was temporarily
neglected in the first half of the 20th century because of the rise of behaviourism, which
cast such mentalisms into disrepute. Watson'’s so-called behaviourist manifesto (Watson
1913), for example, asserted that psychology “need no longer delude itself into thinking
that it is making mental states the object of observation”.

The neglect began to wane in the middle of the last century, as it was realized that
mental constructs were useful, if not necessary. There were several contributing factors (for
reviews, see (Klein 2022) and (Lachman et al. 1979)), including the following: accidents
during WW2 initially attributed to human failure were recognized as due to limitations in
human information processing that had not been anticipated in the design of the machines
of war; the field of cybernetics was born and a metric for measuring information and
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its transmission through a limited capacity channel was developed (Shannon 1948); the
value of mental models was proposed (Craik 1943); even animal learning researchers
recognized the need for “cognitive maps” (Tolman 1948); Hebb’s landmark book (Hebb
1949), The Organization of Behavior: A Neuropsychological Theory, and his other works, laid
the foundation for a cognitive revolution; later, Chomsky (1959) would demolish Skinner’s
attempt to understand verbal behaviour in Watsonian terms.

The need for a revival of interest in attention was highlighted early in Hebb’s book,
“Since everyone knows that attention and set exist, we had better get the skeleton out of the
closet and see what we can do with it. (Hebb 1949, pp. 4-5)”. The empirical and theoretical
work Hebb was hoping for was begun in earnest by Broadbent (1958) and others in the
second half of the 20th century. A recent four-volume compendium entitled The Psychology
of Attention, assembled by Michael Posner (2016), clearly demonstrates that attention is
no longer “in the closet”. This multi-volume set presents the following topics: the history
of humankind’s interest in attention; landmark empirical and theoretical works on the
topic; neuroscientific studies that have revealed how attentional functions are represented
in and implemented by the brain; and applied research showing how attention matters in
everyday modern life.

In this article, we will begin by summarizing Posner’s taxonomy, which organizes
different aspects of attention, and by briefly describing the attention network tests that were
developed to measure the efficacy of these different aspects. This will lay the foundation
for our main goal: to see what the literature using these tests has revealed about how the
networks of attention proposed by Posner might change across the lifespan.

2. Networks of Attention

Developed by Michael Posner and his collaborators (Fan et al. 2002), the Attention
Network Test (ANT) was based on Posner’s behavioural (Posner and Boies 1971) analysis
of the components of attention and his later neuroscientific analysis of the networks (Posner
and Petersen 1990) that mediate alertness, orienting, and executive control.

Alertness is about the achievement and maintenance of a readiness to perceive and
respond to stimuli. Although alertness can entail relatively slow (tonic) changes in mental
state (such as those related to the sleep—wakefulness cycle or fatigue), the original ANT
focussed on rapid changes initiated by environmental signals that cause a change in arousal
and/or might signal an impending and important event; hence, readiness to process and
respond. Orienting is about the focussing of attention on one particular input pathway.
Within the visual modality, this is typically about spatial locations; but, we can allocate
our attention to different modalities or to different attributes within a modality. Whereas
spatial orienting can be either overt (accomplished by eye movements) or covert (shifts
of attention without a shift in gaze direction), typically, the ANTs are designed to explore
covert orienting. Orienting can be controlled by both bottom-up (reflexive, or exogenous)
and/or by top—down (voluntary, or endogenous) mechanisms, a difference that is also
reflected in some ANT variants. Executive control refers to a complex set of cognitive
functions that include planning, error detection, and conflict resolution. For the purpose
of assessing executive control, all ANTs use a variant of the “flanker” effect (Eriksen and
Eriksen 1974), in which participants respond to targets defined by their location, while
nearby items might be different from (incongruent) or the same as (congruent) the target
stimulus. In light of the theme of this special issue, we will examine lifespan changes in
attention, as revealed by the use of any of the ANTs, that is, tests developed for measuring
the efficacy of the networks of attention.

3. The ANTs

When performing the original ANT (hereafter ANT-O), participants are tasked to
indicate, with a speeded button press response, the direction of an arrow target, presented
either above or below fixation. To explore the participant’s ability to deal with conflicting
information (an executive control function) the target arrow might be surrounded by
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incongruent or congruent arrows or neutral stimuli (see Figure 1A). Executive control is
assessed using the deleterious effect of incongruent versus congruent distractors. The
target-containing arrays are preceded by four different cue conditions (see Figure 1B): no
cue, central cue, double cue and spatial cue. Alertness is assessed by comparing the no
cue condition with the double cue condition. Following a spatial cue, the target appears
with 100% probability at the location of the cue. Orienting is assessed by comparing the
central cue condition with the spatial cue condition. As noted by Klein (2003), the ANT-O
is a prime example of the application of mental chronometry (Donders [1868] 1969; Posner
1978) to the assessment of attention, with each subtraction score (see Table 1) providing
information about the efficacy of each network of attention. Most scholars who have used
an ANT have consequently focussed on reaction times. That noted, and setting a model
for others, Fan et al. (2002) were careful to report both RT and accuracy for each of the
12 conditions of the ANT. Unfortunately, many have not followed this model. It is also
noteworthy that the original ANT was designed to keep the network scores mathematically
independent. In a condensed version, often used in neuroimaging studies, the double cue
condition is dropped, and the central cue condition figures in two subtractions (Alerting =
none — central; Orienting = central — spatial), thereby sacrificing this independence.

e e G s G — —  C—— w—
— — — — — PR N S B —
Congruent Incongruent
-
* -
-
center cue double cue spatial cue

Figure 1. Possible target arrays (A) and cue conditions (B) used in the ANT-O. In (A) the participant’s
task is to report the direction of the central stimulus. In (B) the + is the fixation stimulus.
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Table 1. Subtractions (using reaction time or error rates) that generate network scores.

Network Subtraction: ANT; ANT-C Subtraction: ANT-I
Alerting no cue — double cue no tone — tone
Orienting central cue — spatial cue invalid cue — valid cue
Executive incongruent — congruent incongruent — congruent

One variant of the ANT was developed by Rueda et al. (2004), specifically for use
with children, for whom a more engaging version was deemed essential (cf. Berger et al.
2000). The child ANT (hereafter, ANT-C) was modelled closely on the original ANT-O.
The arrows were replaced with colourful fish, the cue conditions remained the same, and
feedback (visual and auditory) was added following correct and incorrect responses. The
subtraction scores remained the same as for the ANT-O.

The ANT-I was developed by Callejas et al. (2004), with the “I” signifying the intention
to be able to measure the interaction between orienting and alerting, which, by design, is
not possible with the ANT. The ANT-I differs from the original ANT-O in two important
respects: the spatial cues are uninformative about where the target might appear, and
alerting is generated by an auditory warning signal (which is present on half of all trials).

The difference in how orienting is assessed using the ANT-O (and ANT-C), as com-
pared to the ANT-], is noteworthy. By using an informative (100% valid) peripheral cue,
the original ANT allows for the possibility that the orienting score reflects an unknown
combination of capture of attention by the peripheral cue with volitional allocation of
attention to the location indicated by the cue. Using the terminology first introduced by
Posner (1980), the ANT-O potentially confounds exogenous with endogenous control of
orienting. As noted by Klein (2009), there is considerable evidence that these two forms
of orienting are quite different, not only in their mode of control, but also in terms of the
effects upon subsequent processing that they engender. One positive feature of the ANT-I
is that the measure of orienting is purely about the exogenous form.

Two modified versions of the ANT-I deserve mention because they feature prominently
in the development section. Mullane et al. (2014)! modified the adult ANT-I to provide
a second measure of executive control. As described above, all of the ANTs generate an
executive control score that is based on the ability of participants to ignore irrelevant items
close to the target (the well-known flanker effect). Mullane et al.’s second measure of
executive control was provided by the Simon effect (Note: Some refer to this particular
example of the Simon effect as “spatial Stroop” because the target itself is spatial), that
is, on some trials, a single arrow pointing left or right was presented alone to the left or
right of fixation. Because the task is to report the direction of the arrow, the task-irrelevant
location should be ignored; how effectively it is ignored is the second measure of executive
control. Giovannoli et al. (2021) used the ANTI-V (developed by Roca et al. 2011). As in the
ANT-], the visual cues were uninformative and alertness was generated using an auditory
tone. Unlike most ANT-related studies, the targets and distractors were not arrows, but
were cars facing either left or right. And, as described in Roca et al. (2011), the ANTI-V
generates a measure of vigilance through the inclusion of occasional trials calling for the
detection of a slight displacement of the target car.”

There are many other tests designed to assess the networks of attention that evolved
from the ANT-O (a full review of the various ANTSs can be found in Almeida et al. 2021).
For present purposes what we have presented above ought to be sufficient, and any minor
departures from the three prototypical tests (ANT-O, ANT-C, and ANT-I) that were used in
the studies we consider below will be noted as appropriate.

4. Lifespan

The value of considering lifespan changes in psychological functions is well recognized
(e.g., Baltes et al. 1980), as has been the more specific interest in lifespan changes in attention
(e.g., Enns 1990; Plude et al. 1994). Not surprisingly, the components of attention are thought
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to have different developmental trajectories throughout the human lifespan. Indeed, there
are solid lifespan studies of many, individually explored, aspects of attention. It is not our
intention to provide a thorough review of this literature, but in light of the emphasis on
Posner’s taxonomy, we will simply point out a few relevant examples of lifespan studies
each with a distinct area of focus: executive function (e.g., Erb et al. 2023; Zelazo et al. 2004);
sustained attention (e.g., Fortenbaugh et al. 2015); and orienting (e.g., via visual search,
Hommel et al. 2004; Trick and Enns 1998). There are also some studies that conducted
cross-sectional lifespan explorations of multiple aspects of attention in the same sample
(e.g., McAvinue et al. 2012; Waszak et al. 2010).

Our focus is on the use of the ANTs to explore changes in the networks of attention
across the lifespan. This focus has several advantages, including the following: (1) there
will be simultaneous assessment of three networks of attention from the same individuals;
(2) methodological homogeneity makes it possible to combine different studies that used
the same (or similar) versions of the ANT across similar and different ages; (3) there is
a relatively large number of studies that varied age, using otherwise identical methods.
For developing a true account of changes in the networks of attention across the lifespan,
there are some related disadvantages. Whereas there are versions of the ANT that were
developed specifically for children, there are no efforts we are aware of in which these were
used to test children younger than 3 years of age, and, for reasons described later, only
data from children ~5 years of age and older figured into our analysis. There are several
true developmental studies in which a relatively broad range of ages were tested. Most of
these studies used the ANT-C. In contrast, while there are many studies of the effects of
age upon attention in adults, most of these studies used only two age groups: young and
old. Additionally, no studies comparing these age groups have used the ANT-C, which
makes the generation of network scores as a continuous function of age difficult.

5. Methods

The studies used in the graphic meta-analysis presented below were found in the ANT
Database (https:/ /www.attentionnetwork.ca/), or added to it when we learned about them.
This database was described in Arora et al. (2020), in which two applications of the database
are presented. It is noteworthy that the generation and upkeep of this database subscribe
to the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses)
guidelines. With a few exceptions in the development section, we emphasize studies that
included more than one age group. A few retrieved studies were excluded if they did not
present network scores for the three networks (or did not present data from which such
scores could be generated). Because many studies did not report data about error rates,
our focus will be on reaction time; nevertheless, accuracy/errors will be addressed in the
general discussion.

In our graphical analysis, each data point represents the network score (based on reaction
time) for a particular age group from a particular study/experiment. Although the number
of participants per group (as implied by the numbers reported in Tables 2 and 3) varies
substantially between studies, for present purposes, we have treated each data point
equally. There are several reasons for this approach. Because different studies sampled
different age groups, it seems appropriate to treat each study as providing “best” estimates
for each of the age groups they tested. Relatedly, it seems inappropriate to give some ages
more weight than others simply because they were sampled more densely by a researcher
than other ages were by other researchers. Finally, even despite the homogeneity associated
with the use of similar tests that are presented together (see separate panels in Figures 2-7),
there are differences that encourage us to treat each sample equivalently. Primarily for
descriptive purposes, we have chosen to plot ordinary least squares linear functions (along
with R?) to the data presented in each data panel. We have little certainty that these are truly
linear functions, due to the many holes in the age ranges presented. Readers may imagine,
correctly, that some of these patterns might be better fit by other functions (e.g., power,
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polynomial). We have presented them as linear because they are the simplest and make
potential alternative functions easier to see than points without a descriptive function.

6. Measuring the Networks of Attention during Childhood

The development of attention during childhood is a topic of great interest and im-
portance. The ability of the ANTs to simultaneously provide indices of the efficacy of
three components of attention makes it an appealing tool for exploring the development of
attention. However, the ANT was designed for adults and, as suggested by Berger et al.
(2000), children will provide more robust and reliable data when they are engaged. Mindful
of this advice, Rueda et al. (2004) developed a child-friendly version, the ANT-C (described
briefly above), and used it to conduct the first developmental study.

Since its development, the ANT-C has been widely used in studies with children and,
occasionally, for comparison purposes, young adults have been tested using the ANT-C.
All of the studies that figure into our graphical meta-analysis are listed and categorized
in Table 2. Some of these, such as Rueda et al. (2004), are developmental studies. Our
categorization as “developmental” is not about the question addressed by a study, that
could have been about attention and socio-economics (e.g., Mezzacappa 2004) or about
attention and bilingualism (e.g., Anton et al. 2014), but rather, and simply, whether the
study included some variation in age. Some studies used the ANT-C while only testing
one age group. Usually, this was to ask a specific question (such as to compare children
with and without some disorder). From these studies, we only included the data from
the control (typically developing) children. Some scholars used a modified ANT-C that
incorporated one or both features from the ANT-I (e.g., auditory warning signals and/or
uninformative peripheral cues), while preserving the ANT-C’s child-friendly engagingness.
Other scholars eschewed the ANT-C’s engagingness and explored attention in children
using the original ANT.

Two developmental studies deserve specific mention and are presented separately be-
cause of their methodological uniqueness. Mullane et al. (2014) conducted a well-designed
developmental study, with children aged 7-12, that used a modified version of the adult
ANT-IL As described above, their modified version (M-ANT-I) provides a second measure
of executive control, based on the Simon effect. Giovannoli et al. (2021) used the ANTI-V
(developed by Roca et al. 2011), with cars replacing arrows as the target and distractor
stimuli. As can be seen in panels A-D of Figures 2—4, there is a dearth of evidence about
changes in network scores during adolescence. A second unique feature of Giovannoli
et al.’s work is that they have filled this gap with a relatively well-powered study.

Using the ANTI-Vea (developed by Luna et al. 2018 and thoroughly described by
Coll-Martin et al. 2023) and with a focus on the relative age effect in school athletes
(a disproportionately high percentage of athletes in sport teams were born early in the
selection year) Huertas et al. (2019) recruited 10- and 12-year-old male soccer players.
Their non-representative recruitment strategy, with its focus on male athletes, precludes
presenting their findings in Figures 2—4.

All of the studies that are used in our graphical analysis of the development of attention
networks are listed and categorized in Table 2. The panels in Figures 2—4 correspond roughly
to these categories.
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Table 2. Studies used in the analysis of children and young adults, Figures 2—4.
Study Ages N Notes

ANT-C (Age Varied)
Rueda et al. (2004, E1) 6-9+ 48
Rueda et al. (2004, E2) 10, 27 24
Mezzacappa (2004) 5-7 241
Forns et al. (2014) 7.5-9.5 2703
Aubry and Bourdin (2018, 2021) 12,21 168 Intellectually gifted and normal children were combined.
Anton et al. (2014) 2 7.5-11.5 360 Mono- and bi-lingual participants were combined.

ANT-C (one age)

Hames et al. (2016) 16 6
Kapa and Colombo (2013) 9.6 79
Kooistra et al. (2011) 9.1 38
Park et al. (2019) 10 58
Ridderinkhof et al. (2020) 13 51
Walczak-Koztowska et al. (2020) 5.6 31

ANT-O (Age varied)
Baijal et al. (2011) 13-15 76
Rueda et al. (2004, E2) 10, 27 24

ANT-O (one age)

Kuc et al. (2020) 13.2 72
Raji et al. (2020) 14 10
Twilhaar et al. (2018) 13.3 33

ANT-I1P (Age varied)
Abundis-Gutiérrez et al. (2014) 5-24 60
Casagrande et al. (2021) 5-6 44 Children 3 and 4 years old were excluded due to high error rates.
Pozuelos et al. (2014) 6-12 227 Experiments 1 and 2 were combined.

M-ANT-I
Mullane et al. (2014) 7-12 96
ANTI-V

Giovannoli et al. (2021) 10-19 182 Participants were divided into three groups of adolescents.

Note. ? Using the ANT-C, Anton et al. made the spatial cues uninformative. The alerting and executive scores
from this study are included in this category, the orienting scores are included with the ANT-I studies. P All used
versions of the ANT-I that were child-friendly in different ways.

6.1. Alerting

Graphical analysis of the development of alertness scores is presented in Figure 2. In
Rueda et al.’s (2004) Experiment 1, whose data are plotted with filled stars (here and in
Figures 3 and 4), there was no significant variation in alertness scores between children aged
6 to a little over 9. In their Experiment 2, however, whose data are plotted as unfilled stars
(here and in panel B, and in the corresponding panels of Figures 3 and 4), which compared
10- and 27-year-old participants, a developmental trend is suggested. Moreover, it is clear
from all of the panels that, when the corpus of all relevant studies is considered, there is a
robust decrease in alertness scores during development, a trend that is substantially more
robust when the young adult data points are removed. Although it seems reasonable to
assume that, by the age of twelve, alertness scores have nearly achieved the level seen in
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young adults (aged 21-27), the similarity of the two linear functions in panel E suggests the
possibility of a small further decrease between childhood and young adulthood.

A ANT-C (w/variation in age) B ANT-C no variation in age +

ANT-O w/ & wo/ age variation
150 150

,(7; R2=0.29 Rj =0.37
g 120 R?=0.20 120 R? =0.62
[0
] % '. %
) o
~ 60 60
S & ®
E 30 CY ) (" J ® 30
k5 o)

0 0

0 6 12 18 24 30 0 6 12 18 24 30
C  ANTI (w/variation in age) D M-ANT-|

—_ 150 R2=0.33 150 R2=0.70 ‘
g R2=0.75
K= 120 120
o
8 90 90
7]
. "4 60 60
N Q
; 30 30
Z
3 )

0 0

0 6 12 18 24 30 0 6 12 18 24 30
Age (yrs)
E ANTI-V
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[72) R2=0.98
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8 LY
n
{ 60
g
L e
k5 >

Figure 2. Alertness scores as a function of age in studies that included children. (A) Studies of the
ANT-C in which age varied. (B) Studies of the ANT-C with only one age, and studies of the ANT-O
with age varied or not. The stars in B and C are from Rueda et al. (filled stars from experiment 1;
unfilled stars from Experiment 2). (C) Studies of the ANT-I all with age varied. (D) Mullane et al.
(2014). (E) Giovannoli et al. (2021). In each graph, a best fitting linear function (in blue) is fit to all the
data points. In (E), the line from panel C is reproduced (dotted and red). In (A-C), a best fitting line
(in red) was fit after excluding the young adult participants (>18).

6.2. Orienting

Graphical analysis of the development of orienting scores is presented in Figure 3.
The first thing to note about these data is that the trends in the individual panels are
considerably weaker than those seen for alerting. Secondly, with the ANT-C and ANT-O,
the weak trends are increasing scores within the children (15 and under), while the opposite
weak trend (scores decrease with age) is seen with the uninformative cues used in the
ANT-I and M-ANTI-I. With the 100% informative cues, the changes between childhood
and young adulthood are in opposite directions in the pair of observations from Rueda
et al. (ANT-C in panel A and ANT-O in panel B), which makes it difficult to make a
firm conclusion about changes between late childhood and early adulthood. In contrast,
when uninformative cues are used (panel C), there is strong evidence that orienting scores
continue to decrease past adolescence (see blue line). This trend is strongly reinforced by
the similarly decreasing scores during adolescence in the Giovannoli et al. (2021) study
(panel E).
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A ANT-C (w/variation in age) B ANT-C no variation in age +
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Figure 3. Orienting scores as a function of age in studies that included children. See the caption of
Figure 2 for further details.

The trend of increasing orienting scores with the ANT during childhood could reflect
an increase in the ability of children to use the 100% informative cues to allocate attention.
In contrast, uninformative cues are thought to capture attention despite that they do not
predict the target’s upcoming location. Indeed, because targets are equally likely to appear
at either location when cues are uninformative, such cues are sometimes described as
distractors that the observer should try to ignore. The decrease with age in orienting scores
in studies using uninformative peripheral cues (panels C, D and E in Figure 3) could be
due to improvements in this ability.

6.3. Executive Control

Graphical analysis of the development of executive control scores is presented in
Figure 4. Here, it can be seen that, in childhood (from 6 to 15 years of age), there is a robust
improvement (decrease) in measures of executive control (whether from the flanker effect,
in panels A-E, or the Simon effect, in panel F). Moreover, by the end of childhood, executive
function scores from the flanker effect have almost achieved the level seen in young adults.
Evidence from Abundis-Gutiérrez et al. (2014) (see highlighted data points, plus signs, from
their 10.8- and 23.6-year-old participants in panel C) when combined with the adolescent
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data from Giovannoli et al.’s study (panel E) suggests continued improvement during
childhood and adolescence, until the young -adult level of performance is obtained.

T ANT-C no variation in age +
ANT-C (w/variation in age o
A ( ge) B ANT-O w/ & wo/ age variation
—_ 220 R2=0.16 220 R2=0. 04.
%) 200 200
E 180 R2 = 0.61 180 R2=0.22
o 160 160
5 140 140
((/.; 120 120
100 100
—g 80 o 80
60 #* 60
E 40 40
% 20 20
0 0
0 6 12 18 24 30 0 6 12 18 24 30
C  ANT (w/variation in age) D M-ANT-I Flanker
220 320
& 20 FEz08 g FE=050 [ )
g 180 R2 =0.54 280
[0} 160 260
5 140 ® 240
[8) 120 220 .
n 100 200
‘xé 80 180
60 160
E 40 = ® 140
g 20 120
0 100
0 6 12 18 24 30 0 6 12 18 24 30
E ANTI-V F M-ANT-I Simon
—_ 220 220 S
g 000 2=089 o00 _FE=033
- 180 180
(0]
fust 160 160
8 140 140 ®
n 120 120 5
X 100 ey 100
S 80 e 80 [ ) ®
(0] 40 ) 40
=z 20 . 20
0 0
0 6 12 18 24 30 0 6 12 18 24 30
Age (yrs) Age (yrs)

Figure 4. Executive control scores as a function of age in studies that included children. Highlighted
data in panel (C) are described in the text. In panel (D) the scaling is the same as the other panels
while the range covered is higher. In panel (E) the red dotted line reproduces the linear function fit to
all the data in panel (C). Data from the Simon effect are presented in panel (F). See the caption from
Figure 2 for further details.

Because we have access to the raw data from Mullane, we can report that the correla-
tion between the executive scores based on the flanker and Simon effects, while small r(94)
= 0.26, is nevertheless significant (p = .01)3. The raw data from this study also allow us to
explore the suggestion, at the end of the orienting section, that reductions in orienting scores
as children get older might be due to improvements in executive control. In contrast to this
suggestion, the correlations between the orienting scores and Mullane’s two measures of
executive control (flanker and Simon) were near zero (0.04 and 0.00, respectively).

6.4. Summary and Interpretation

Alerting network scores generally decrease during childhood, whether the warning
signals are visual or auditory. Developmental trends in either the level of tonic alertness or
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the ability to voluntarily prepare to respond to targets could generate such a pattern. If the
tonic level of alertness were low in young children and increased during development then,
with more room for improvement, warning signals would have a greater beneficial effect in
younger children. Support for this possibility comes from Giovannoli et al. (2021), whose
correlational analysis revealed that low levels of vigilance (which might reflect low levels of
tonic alertness) were associated with higher alertness scores. Alternatively, typical warning
signals (like those used in all the versions of the ANT) are thought to exert both exogenous
(automatic) and endogenous (volitional) control over readiness to respond (cf. Lawrence
and Klein 2013; Weinbach and Henik 2012). It seems likely that the endogenous component
(ability to voluntarily use the warning signals to prepare for processing and responding to
targets) improves with age. While the ubiquitous finding that reaction times are slower
for younger children is consistent with a developmental improvement in tonic alertness,
a developmental improvement in volitional control is not ruled out by this possibility.
And, it should be noted that these two explanations are certainly not mutually exclusive.
Alerting is generated by visual cues in the ANT-C and ANT-O, and by auditory signals
in the ANT-I and M-ANT-I. After reviewing converging evidence from several different
paradigms, Posner et al. (1976) concluded that “visual stimuli when unattended are less
likely to alert the subject than stimuli occurring in other modalities” (p. 164). The similarity
across modality of the signals used to generate alertness in these studies suggests that the
visual signals were sufficiently attended to generate alertness in children.

The patterns with orienting are less robust. During childhood, there appears to be a
trend for increasing orienting scores with 100% informative cues, and for decreasing scores
with uninformative cues as the children age. The difference in the information value of
these two types of cues could very well explain these developmental trends, i.e., younger
children are less able to utilize information, while older children are better able to ignore
(and resist capture by) uninformative cues.

The developmental pattern with the executive control network scores is robust, with
a consistent improvement with age in the ability to ignore irrelevant flankers and/or to
suppress any response conflict they might generate.

Using the ANT-O and with a focus on cortical thickness and its relation to attention,
Boen et al. (2021) densely sampled in the age range from 8.5 to 27. Their analyses of their
ANT data used ratio scores (rather than the unaltered subtractions as described in our
Table 1) and we were unable to secure their data in a form that would permit inclusion in
our graphic-meta-analyses. Nevertheless, careful inspection of the reaction time results
presented in Figure 3 of their supplement allows us to offer the following descriptions:
From age 8.5 to about 18 alerting scores decrease (from about 75 ms to about 40 ms) after
which they are relatively stable; Despite an apparent decrease between 15 and 18 orienting
scores are relatively stable (ranging between 60 ms and 45 ms) across the ages tested; From
age 8.5 to about 18 executive scores decrease rapidly (from about 195 ms to about 90 ms)
after which they are very stable. The patterns with alerting and executive control are very
similar to what we report in Figures 2 and 4.

7. Measuring the Networks of Attention during Adulthood

All of the studies used in our graphical meta-analysis of the effects of aging upon
attention networks are listed and categorized in Table 3. Most of these studies (whose
network scores are presented in panels A of Figures 4-6) used the ANT-O, and most of
these compared two or, in a few cases, three groups of participants with one group of
young adults and one (or two) groups of older adults. One recent study (Verissimo et al.
2022), which also used the ANT-O, did not include any adults under 58 years of age, but
densely sampled older adults (58+). Two studies used unique versions of the ANT that are
described next, as well as in the notes of Table 3.

Two published studies (Erel et al. 2020; Zivony and Levy 2020) with different foci
(alertness and orienting, respectively) relied upon the same data set that had been collected
from six groups, with young and old participants experiencing three different versions
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of the ANT-O. For present purposes, we secured data from the authors,* allowing us to
generate the three network scores that are represented in panels B of Figures 4-6. Two
versions were very similar to the ANT-O, except for the probability of a target appearing
at the location of the spatial cue. In one version, these cues were uninformative, as in the
ANT-I (exogenous); in another version, these cues were 75% valid (endogenous, visual), as
in the ANT-R (cf. Almeida et al. 2021, for a description). In the third version, the peripheral
cues from the second version were replaced with spoken verbal cues (or no cue), “up”,
“down” or both simultaneously, and the single-word cues were 75% predictive of the
target’s location (endogenous, auditory).

Table 3. Studies used in the analysis of adults, Figures 5-7.

Study Ages N Notes

ANT-O (two or three age groups)
Dash et al. (2019) 33,75 38 Event-related fMRI with jittered cue-target SOAs.
Gamboz et al. (2010) 26, 68 135
Jennings et al. (2007) 19, 69 123
Kaufman et al. (2016) 23, 65 35
Knight and Mather (2013) 21,73 59 Morning and afternoon results were combined.
Mahoney et al. (2012) 19,76 36 Data from six randomly interivnzs(’::l ;mn;iizg multi-sensory cue conditions
Sperduti et al. (2016) 27,67 35 Effect of meditation was excluded.
Williams et al. (2017) 22,65 49 Gain/loss conditions were combined.
Young-Bernier et al. (2015) 22,70 64
Zhou et al. (2011) 28,51,71 90

ANT-O (only old)
Verissimo et al. (2022) 58-93 643 Densely sampled this age range.
Other (two or three age groups)

Casagrande et al. (2021) 2 23,55,71 171  Data from targets presented in the left and right hemifields were combined.
Lopez-Ramon et al. (2011) 315,525 55 Used the ANT-I with a focus on error-proneness in drivers.
Erel/Zivony and Levy (2020) b 22,72 238  Two publications, each with a different focus, were based on the same data.

Note. # Using the ANT-C, Anton et al. made the spatial cues uninformative. The alerting and executive scores
from this study are included in this category, the orienting scores are included with the ANT-I studies. P All used
versions of the ANT-I that were child-friendly in different ways.

Casagrande et al. (2021) tested three age groups, using a modified version of the
lateralized ANT-I in which, instead of arrows pointing left and right, the targets were
two different fruits (hence, LANTI-f). As noted in Table 3, for present purposes, we have
collapsed the lateralized (left and right hemifield) network scores that were reported at the
bottom of Figure 4 from this paper.” Lopez-Ramon et al. (2011) used the standard ANT-I.

Some studies in our aging analysis used transformed RT to generate network scores
(e.g., Erel/Zivony analysed z-transformed RT; Verissimo et al. 2022 focussed on log(RT);
Dash et al. 2019 used ratio scores). To permit us to compare studies on a level playing
field, and because we believe that such transformations may conceal and/or generate
differences not present in untransformed RTs, we obtained, from the papers, the authors,
and/or on-line repositories, untransformed network scores from these studies. In the
figures representing their findings, Verissimo et al. presented network scores based on
log(RT) as a continuous function of age, which was possible because of their large number
of participants and dense sampling of older adults. For present purposes, we used their
on-line repository (and a >90% correct cutoff per participant) to generate seven groups
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of participants (each with 80 or more participants), and we plotted their network scores
(based on untransformed RTs) as a function of these age groups in panels D of Figures 5-7.

7.1. Alerting

Graphical analysis of the effects of aging upon alertness scores is presented in Figure 5.
In the studies using the ANT-O (panel A) with groups that included young adults, there is
a robust effect of aging, with alerting scores decreasing as age increases, as can be seen in
panel A. Of the studies represented in this panel, all 10 showed an effect in this direction
(p = .00195, using a non-parametric two-tailed sign test). There is reinforcement of this
robust pattern from the two conditions in the Erel/Zivony study (panel B) that used visual
warning signals. The trend is in the opposite direction in the study by Casagrande et al.
(2021), whose L-ANTI-F uses auditory warning signals (panel C). This opposite trend
would seem to be supported by the pattern with auditory cues in Erel/Zivony. Although in
neither study was the trend for increasing alertness scores with increasing age significant,
the pattern is nevertheless different from that with visual warning signals. By comparing
the alertness scores from Verissimo et al.’s study, in which only older participants were
tested (panel D), to those in the other three panels, it can be seen that this study is definitely
anomalous, in that the mean values in this study fluctuate around zero, while the mean
alertness scores from older participants in the remaining studies vary between 5 ms and 90
ms. Reinforcing this point, Mahoney et al. (2010) who tested 100 participants between 70
and 93 reported that their average alerting score was 23.5 ms.
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Figure 5. Alertness scores as a function of age from studies that included older adults. (A) Ten studies
using the ANT-O with two or more groups, one of which included young adults; (B) Data from the
three conditions tested in the studies by Erel et al. (2020) and Zivony and Levy (2020); (C) Data from
Casagrande et al. (2021). (D) Data from Verissimo et al. (2022). See text for further explanation.
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7.2. Orienting

Graphical analysis of the effects of aging upon orienting scores are presented in
Figure 6. In the studies using the ANT-O with groups that included young adults, there
is a trend for orienting scores to increase with age, as can be seen in panel A. Here, 8
out of 10 studies reported differences in this direction.® Reinforcing this trend, data from
the informative visual cue condition, used by Erel/Zivony (panel B), were in the same
direction. Amongst their large group of older participants (58 and older), Verissimo et al.
also found an increasing orienting network score (panel D). There are two reasons, however,
to question this trend, even despite the very large number of participants in this study.
Firstly, while their orienting network scores are all greater than zero, they are very low
relative to what is seen in older participants in all of the other experiments (panels A-C).
Secondly, consider the very robust (R? = 0.4027) trend as a function of age (in the range
from 65 to 87) in the relatively methodologically homogenous studies reported in panel A
(see best fitting linear function, red line).
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Figure 6. Orienting scores as a function of age from studies that included older adults. See the caption
of Figure 5 for further details.

7.3. Executive Control

Graphical analysis of the effects of aging upon executive control scores are presented
in Figure 7. In the studies using the ANT-O with groups that included young adults, there
is a robust effect of aging, with executive control scores increasing as age increases, as can
be seen in Figure 7A. Of the 10 studies represented in this panel, 9 showed an effect in this
direction (p = .0215, using a non-parametric, sign test).” And, this pattern is reinforced by
the three conditions explored by Erel/Zivony (panel B) and Casagrande et al. (panel C).
Amongst the older participants tested by Verissimo et al. (panel D), there was a small (from
the youngest to oldest group, this was ~9 ms), but statistically robust, decrease in executive
control scores with increasing age. This trend is reinforced by a similar (R? = 0.1135)
trend as a function of age (in the range from 65 to 87) in the relatively methodologically
homogenous studies reported in panel A (see best fitting linear function, red line).
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Figure 7. Executive control scores as a function of age from studies that included older adults. See
the caption of Figure 5 for further details.

7.4. Summary and Interpretation

With visual warning signals, young adults show higher alertness scores than older
adults, a difference that is not found when the warning signals are auditory. As noted
earlier (see Section 7.1), the lower alertness scores in older participants with visual cues
might be due to a difference in the amount of attention paid to them. That older participants
do not show this difference when the warning signals are auditory, and may even show
higher alertness scores with auditory signals, suggests that there is no global deficit in the
alerting network of the older group.

When the orienting scores of young and older adults are compared, these are higher for
the older participants in 9 out of 11 different experiments that used informative visual cues
(cf. panels A and B of Figure 5). Amongst the older participants (aged 58 and above), there
are opposite trends in the powerful study by Verissimo et al. and the studies presented in
Figure 5A. These trends noted, their significance is unclear. Higher scores could be due to
more efficient allocation of attention to the cued location, or greater difficulty disengaging
attention from the central cue (in the ANT-O) or a peripheral cue on invalid trials (in
the ANT-I).

The effects of aging upon executive scores are relatively clearcut and consistent across
the studies presented in Figure 7. When young adults and older adults are compared,
executive scores are consistently higher for the older adults. Amongst older adults there is
a consistent trend for executive scores to decrease as participants get older (Figure 7, panel
A, red line; panel D).

8. General Discussion

In the preceding sections, we reviewed and graphically presented the findings from 37
publications to explore how the networks of attention, as described by Posner, might change
across the lifespan. Before we try to describe and discuss the overall arcs of these changes in



J. Intell. 2024, 12, 19

16 of 21

attention, a few comments are warranted. It is important for the reader to recognize that the
graphical meta-analyses presented in our review are focussed on the patterns of the results
generated in these 37 publications, and not on the descriptions or conclusions contained
therein. As described in Fan and Posner (2004), it is also important to remember that only
the magnitude of the executive control score has an unambiguous meaning when asserting
improvement or deterioration in performance; higher executive scores (whether based on
RT or error rates, using the subtraction described in Table 1) represent poorer performance
(usually attributed to less efficient filtering of task-irrelevant information), and hence, less
efficient executive control. Differences in the alerting and orienting network scores, while
of interest if not importance, are somewhat ambiguous on the improvement/deterioration
scale. Alerting scores can be higher because of more efficient use of the warning signal
to prepare for the target or because the participant’s level of alertness is lower to start
with. Similarly, orienting scores can be larger because of more efficient use of the cue when
meaningful, because of greater capture of attention by uninformative cues (e.g., as in the
ANT-]) and because of a greater difficulty disengaging from the central cue (in the ANT-O)
or the invalidly cued location (in the ANT-I and versions of the ANT-O with invalid trials).

8.1. Summary: Attention Network Changes across the Lifespan

Based on our analysis of network changes in development and aging, with an em-
phasis on reaction time, it is possible to draw the following lifespan descriptions with
some confidence.

When visual warning signals are used, alerting network scores decrease monotonically
from young childhood to old age. A different pattern emerges with auditory cues. Here,
while the decline during childhood is robust, the few studies using auditory warnings to
examine aging observed an increase with increasing age.

The results with orienting seem to depend on whether the cues are or are not infor-
mative. With uninformative cues, exogenous orienting scores decrease during childhood,
reach a minimum during young adulthood, and then increase during aging. When in-
formative cues are used, the picture from the literature we have reviewed is a bit messy.
During childhood, endogenous orienting scores decrease, but whether these scores increase
or decrease between childhood and young adulthood is unclear. Finally, there is a trend for
orienting scores to increase from young adulthood with increasing age.

The executive control scores are high for young children, decrease during childhood,
reach an optimal level during young adulthood, and then increase during aging. Converg-
ing evidence for this U-shaped function is provided by the flanker effect in RT, observed by
Erb et al. (2023) in their lifespan comparison of the flanker, Stroop, and Simon effects. It is
possible, however, that during old age, executive control scores may improve (decrease)
with age.

The relatively consistent increase in executive network scores as age increases during
adulthood, as seen in Figure 7A, which represents a decline in filtering efficiency, is qualified
by an opposite trend in error rate, such that young adults show larger flanker compatibility
effects than older adults.® This pattern was first reported by D’Aloisio and Klein (1990),
whose flanker effect was measured as a function of distance between equi-eccentric targets
and flankers. Indeed, when taking both RT and accuracy into account, they concluded that
the effect of flankers, as a function of their distance from the target, was similar for their
groups of older and younger participants. Most studies we analysed in this review did
not report data about errors or accuracy. However, in all of the studies that did report (or
provided to us) accuracy or error rates, older participants had lower executive function
scores than younger participants when scores were based on error rates. This means that
some, indeterminate, amount of the increase in executive network scores with aging, based
on RT, is due to a speed-accuracy trade-off, wherein the younger participants show smaller
effects in RT by caring less about errors than the older participants, reflecting a general and
well-known speed—accuracy emphasis difference between these age groups (cf. Ratcliff
et al. 2004).
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8.2. Relation to Intelligence?

Two of the studies included in our graphical meta-analysis (Casagrande et al. 2021;
Mullane et al. 2014) collected data about the intelligence of their participants, and the
authors of these studies generously provided us with these scores. Particularly because this
review is submitted to a Special Issue of the Journal of Intelligence, it seems appropriate to
report on what we have found about the possible relation between IQ and the networks of
attention. As can be seen in Table 4, there is only one significant correlation, a negative one,
between orienting and IQ amongst the adult participants. While this correlation is relatively
weak, at —0.172, the true correlation could be larger because the observed correlation is
likely attenuated by non-perfect reliability of the IQ and orienting scores. The trend (albeit
non significant) in the opposite direction (+0.138), observed in the developmental study,
could be regarded as a reason to imagine that the true correlation is nil. On the other
hand, it is worth considering whether this directional difference in the relation between
IQ and orienting as a function of age simply reflects and reinforces our description of the
lifespan trend for orienting scores observed in studies with uninformative cues (as in the
two studies represented in Table 4). With such cues, “. . .orienting scores decrease during
childhood, reach a minimum during young adulthood, and then increase during aging”.

Table 4. Correlations between IQ and network scores from two studies (one developmental; one
aging) covered in our review. Correlations significantly greater than zero are highlighted in bold.

Study Age Range N Alerting Orienting Executive Control
(Mullane et al. 2014) 79-150 months 96 —0.060 0.138 —0.143
(Casagrande et al. 2021) 20-86 years 171 0.053 —0.172 —0.050

After a cogent and thorough review and analysis, Mashburn et al. (2023) recently
concluded that “executive attention” is fundamental for “explaining variation in human
intelligence”. If this conclusion were correct, we might have expected significantly negative
correlations between IQ and the executive scores measured using the flanker effects in the
two studies represented in Table 4. In agreement with Mashburn et al., these correlations
are negative, but they are far from significant. There are a few possible explanations for
this apparent failure to confirm the prediction we derived from Mashburn et al., and these
are not mutually exclusive. For example, the flanker effect may measure something about
executive control, but executive attention may be considerably more complex than what
can be measured by this simple subtraction (incongruent minus congruent). Mashburn et al.
provide another possibility, which is related to the use of such a difference score: because of
their generally low reliability, “difference scores derived from conflict tasks are ill-suited for
individual differences research (p. 15)”. But, the low reliability of difference scores does not
similarly challenge comparisons of groups of participants (cf. Hedge et al. 2018). Indeed,
supporting Mashburn et al., Aubry and Bourdin (2021) compared intellectually gifted
(mean IQ = 140) to intellectually normal children (mean IQ = 103) and found a significant
executive control advantage (as would be predicted from Mashburn et al.’s aforementioned
conclusion) in the group with the higher 1Q.

8.3. Next Steps

As noted in the introduction, while there are a few lifespan studies of individual
aspects of attention, there are no lifespan studies using tests, like the ANT, that measure
all three of the networks outlined by Posner and colleagues. This gap could be filled
by researchers using a version of the ANT that is engaging for both children and adults,
while densely and relatively uniformly sampling ages. One possibility for such a lifespan
study would be the ANT-C, developed by Rueda et al. (2004) specifically for use with
children, but also successfully administered in their Experiment 2 to young adults (see
panels A in Figures 2—-4). Another possibility for such a lifespan study would be to use
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the Attention-Trip (Klein et al. 2017), a game-like version of the ANT. The Attention-Trip
has been shown to be engaging for children (Arora et al. 2021) and was recently made
operational on a portable device, the iPad (Klein et al. 2018).
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Notes

We are grateful to Jennifer Mullane for providing access to the data from her individual participants.

Because this is the only study covered in our review with a measure of vigilance, we refer the reader interested in the development
of vigilance to Giovannoli et al. (2021).

This is in contrast to the null correlation reported by Paap and Greenberg (2013) with an adult sample, a difference that might be
related to the ages of participants.

We are grateful to Alon Zivony for providing us with the mean RT and accuracy data from the the individual participants in the
Erel/Zivony publications.

Although not required for the data presented in Figures 4-6, we are grateful to Maria Casagrande for providing the RT and
accuracy data for the individual participants in her study, which will be used later for other purposes.

Dash et al. (2019) and Mahoney et al. (2012) were the two exceptions. Dash et al. administered the ANT-O using an event-related
fMRI protocol, in which the interval between the onset of the cue and target array was varied, between 600 and 6600 ms,
which makes it quite different from all of the other studies in our aging analysis. Perhaps the older participants had difficulty
maintaining the focus of attention at the cued location when the cue-target SOA was so long. Mahoney et al. used uni- and
multi-sensory alerting+orienting cues (visual, auditory, and somatosensory). It seems possible that orienting within the visual
modality may have been compromised in the older participants by the spreading of attention amongst the three modalities in
which the cues might be presented on any particular trial.

The single exception was Dash et al. (2019), whose old and young participants had executive scores of 46.6 and 72.3 ms,
respectively. Although this study was unusual with regard to the range of foreperiods between the cue and target (see footnote
#b) it is difficult to generate a plausible reason for this to matter for executive control.

Erb et al. (2023) collected flanker compatibility effects from a very large sample of on-line participants who experienced congruent
and incongruent target arrays modelled on those used in the ANT. In contrast to what is described here, they found that accuracy
flanker effects increased with age from young to older adults. We can offer no explanation for this discrepancy.
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