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43 Abstract Many aspects of attention decline with aging. There is a current debate on how

aging also affects sustained attention. In this study, we contribute to this debate
by meta-analytically comparing performance on the go/no-go Sustained
Attention to Response Task (SART) in younger and older adults. We included
only studies in which the SART had a low proportion of no-go trials (5%–
30%), there was a random or quasirandom stimulus presentation, and data on
both healthy younger and older adults were available. A total of 12 studies
were suitable with 832 younger adults and 690 older ones. Results showed that
older adults were slower than younger controls on go trials (g = 1, 95% CI [.72,
1.27]) and more accurate than younger adults on no-go trials (g = .59, 95% CI
[.32, .85]). Moreover, older adults were slower after a no-go error than younger
adults (g = .79, 95% CI [.60, .99]). These results are compatible with an age-
related processing speed deficit, mostly suggested by longer go RTs, but also
with an increased preference for a prudent strategy, as demonstrated by fewer
no-go errors and greater posterror slowing in older adults. An inhibitory deficit
account could not explain these findings, as older adults actually outperformed
younger adults by producing fewer false alarms to no-go stimuli. These
findings point to a more prudent strategy when using attentional resources in
aging that allows reducing the false-alarm rate in tasks producing a tendency
for automatic responding.
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11 Abstract
12 Many aspects of attention decline with aging. There is a current debate on how aging also affects sustained attention. In this study,
13 we contribute to this debate by meta-analytically comparing performance on the go/no-go Sustained Attention to Response Task
14 (SART) in younger and older adults. We included only studies in which the SART had a low proportion of no-go trials (5%–
15 30%), there was a random or quasirandom stimulus presentation, and data on both healthy younger and older adults were
16 available. A total of 12 studies were suitable with 832 younger adults and 690 older ones. Results showed that older adults were
17 slower than younger controls on go trials (g = 1, 95% CI [.72, 1.27]) and more accurate than younger adults on no-go trials (g =
18 .59, 95% CI [.32, .85]). Moreover, older adults were slower after a no-go error than younger adults (g = .79, 95% CI [.60, .99]).
19 These results are compatible with an age-related processing speed deficit, mostly suggested by longer go RTs, but also with an
20 increased preference for a prudent strategy, as demonstrated by fewer no-go errors and greater posterror slowing in older adults.
21 An inhibitory deficit account could not explain these findings, as older adults actually outperformed younger adults by producing
22 fewer false alarms to no-go stimuli. These findings point to a more prudent strategywhen using attentional resources in aging that
23 allows reducing the false-alarm rate in tasks producing a tendency for automatic responding.

24 Keywords Sustained attention . Vigilance . SART . Cognitive aging . Go/no-go .Motor inhibition

25

26 The ability to maintain the focus of attention on a task over
27 time is known as sustained attention or vigilance, and it is a
28 fundamental component of normal cognitive capacities.
29 Indeed, without this ability, many other cognitive functions
30 would be compromised (Parasuraman, 1998). Given its im-
31 portance for general cognitive functioning, sustained attention
32 has been investigated in many studies.
33 One of the first experimental tasks used to study sustained
34 attention dates back to the 1950s and was used to evaluate
35 vigilance in the British Air Force (Mackworth, 1948). The
36 original device—known as the “Mackworth Clock”—was
37 similar to a watch with a pointer moving with short jumps.
38 Double jumps occurred at irregular intervals, and the task was

39to respond to them by pushing a button. The overall task
40duration was about 2 hours. At first, this might be an easy
41task, and one would rarely make mistakes. With time on task,
42however, it can become harder and harder to maintain the
43attentional focus and accuracy starts to decrease.
44This task was the starting point for many studies on
45sustained attention. Over the years, new tasks were developed
46in which the participant has to monitor a continuous flow of
47stimuli for a prolonged period and has to respond to rare target
48stimuli. These types of tasks have recently been defined as
49“traditionally formatted tasks” (TFTs; Stevenson et al.,
502011). In this case, the vigilance decrement is the index of
51deterioration of sustained attention, characterized by a de-
52crease in accuracy and/or an increase in reaction times (RTs)
53with time on task. The duration of TFTs varies between stud-
54ies (from 150 s to 2 h), but the average duration is about 30–45
55minutes (Staub et al., 2013).
56Another type of task aimed at investigating sustained atten-
57tion is the Sustained Attention to Response Task (SART;
58Robertson et al., 1997). The original SART introduced by
59Robertson et al. (1997) is a no-go task with a quasirandom
60presentation of digits from 1 to 9, in which the participant has
61to respond to all the digits except for 3, which is the no-go
62target. Digits are presented for 250 ms, followed by a 900-ms
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63 mask. The task takes about 4 minutes. The no-go trials repre-
64 sent only 11% of total trials, in order to favour an automated
65 response to go trials. Hence, contrary to a TFT, the SART
66 requires one to withhold the response to targets and to respond
67 to nontargets. Robertson and colleagues argued that sustained
68 attention to the task would be taxed more heavily if the auto-
69 matic response was directed to nontarget stimuli. Indeed, the
70 active-controlled processing could be activated more to over-
71 come the prepotent automatic response at the onset of the rare
72 target. In this sense, the commission errors (i.e., response to
73 target) are the main indicator of the impaired sustained atten-
74 tion ability. The SART is more sensitive to sustained attention
75 deficits than are traditional vigilance tasks (Staub et al., 2013)
76 and seems to have a higher ecological validity: Commission
77 errors are indeed positively correlated with a tendency to re-
78 port everyday cognitive errors (Manly et al., 1999; Robertson
79 et al., 1997), and more specifically, attention-related everyday
80 cognitive errors (Cheyne et al., 2006).
81 Sustained attention is essential for functioning in everyday
82 life; thus, it is important to understand how it changes across
83 the adult lifespan, and in particular with aging. Several studies
84 reported that older adults showed longer RTs and fewer errors
85 on sustained attention tasks than younger adults (e.g., Brache
86 et al., 2010; Carriere et al., 2010; Grandjean & Collette, 2011;
87 Heilbronner &Münte, 2013; Hsieh et al., 2016; Jackson et al.,
88 2013; Jackson & Balota, 2012; Kousaie et al., 2014; McVay
89 et al., 2013;Mioni et al., 2019; Staub et al., 2014c; Staub et al.,
90 2015). Longer RTs could be in line with an age-related pro-
91 cessing speed deficit (Salthouse, 1996), which has been attrib-
92 uted, among other factors, to the reduction in white matter
93 integrity associated with aging (Salthouse, 2017). However,
94 the longer RTs and the difference in the amount of errors also
95 suggest a conservative strategy to compensate for their poor
96 response inhibition (Staub et al., 2013): in other words, older
97 adults could be more cautious in responding on go trials to
98 avoid errors on no-go trials. Although many studies show
99 higher performance in terms of accuracy for older adults on
100 go/no-go tasks, there are contrasting results reporting no age-
101 related differences or even better performance in younger
102 adults (e.g., Cassarino et al., 2019; Harty et al., 2013; Hong
103 et al., 2014; Hsieh et al., 2016a, 2016b; Langenecker et al.,
104 2007; Lin et al., 2018; Lucci et al., 2013; McAvinue et al.,
105 2012; Nielson et al., 2002; Rush et al., 2006; Vallesi, 2011;
106 Vallesi et al., 2011; Zavagnin et al., 2014).
107 To deal with these issues, the objective of the present meta-
108 analytical study is to contribute to the debate on SART per-
109 formance in cognitive aging. To this end, we selected the
110 studies that used a cross-sectional design involving partici-
111 pants from 18 to 95 years of age.
112 The first aim was to determine the difference between
113 older and younger adults on SART performance, above all
114 in terms of accuracy on no-go trials. This variable indi-
115 cates the ability to avoid a commission error (i.e., the

116capacity to inhibit the response). Indeed, calculating the
117accuracy on no-go trials was useful in investigating
118whether the inhibition capacities in older adults are pre-
119served (Rey-Mermet & Gade, 2018) or impaired (Hasher
120& Zacks, 1988). Further, previous studies found that the
121stimulus evaluation in younger adults decreases with time
122on task, as compared with older adults, in whom the eval-
123uation processes become even more controlled as the task
124advances. This suggests that younger adults might adopt a
125more automatic behavior, rather than a careful and con-
126trolled strategy (Carriere et al., 2010; Staub et al., 2015).
127Thus, in line with previous reports, we expected that re-
128sponse automatization could occur in younger adults, and
129consequently it could increase the likelihood of commit-
130t ing errors on no-go trials (Staub et al . , 2015).
131Conversely, older adults could adopt a high degree of
132control over the motor system, enabling them to reach a
133good level of performance (Staub et al., 2015).
134Indeed, some studies (Jackson et al., 2013; Jackson &
135Balota, 2012; Staub et al., 2014b, 2014c; Staub et al., 2015)
136reported a reduction in self-reported mind-wandering in older
137adults compared with younger ones while performing the
138SART. This may be attributable to older adults finding the
139SART more difficult and/or more engaging than do younger
140ones (Jackson et al., 2013; Jackson & Balota, 2012; Staub
141et al., 2014b, 2014c; Staub et al., 2015). These age differences
142may have resulted in more effort, and therefore less mind-
143wandering and a higher degree of control over the motor sys-
144tem in the older group (Jackson & Balota, 2012). A high
145degree of motor control could also be associated with the
146increase of RTs in older adults: they may prefer to be slower
147in order to be more careful and cautious in responding (speed–
148accuracy trade-off; Staub et al., 2013). For this reason, beside
149the screening of RTs in go trials in younger and older adults,
150we considered necessary to also analyze the posterror slowing
151(PES)—namely, the prolonged RT that is observed after the
152commission of an error. Indeed, several studies found that RTs
153after a commission error on no-go trials were increased more
154in older adults than in younger ones (Jackson & Balota, 2012;
155McVay et al., 2013; Staub et al., 2014c).
156One of the main accounts for PES suggests that this effect
157reflects the implementation of cognitive control to improve
158subsequent performance (Danielmeier & Ullsperger, 2011).
159Cognitive control refers to processes that allow information
160processing of current goals and support flexible, adaptive, and
161complex responses. Hence, the increased PES in older adults
162may be indicative of a decline in cognitive control ability—
163that is, a difficulty in reestablishing the task set after an error
164has been made (Jackson & Balota, 2012). Moreover, the age
165difference in PES could be due to the engagement of a type of
166reactive thought process, also called “task-related interfer-
167ence” (Smallwood et al., 2004): Older adults could be more
168conscientious, and hence increase their self-assessment of
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169 performance after an error, thereby producing prolonged RTs
170 (Jackson & Balota, 2012; Staub et al., 2013). The two hypoth-
171 eses are not mutually exclusive.
172 Finally, we also analyzed the accuracy on go trials to eval-
173 uate the ability not to make an omission error. We expected to
174 find no age-related differences (Carriere et al., 2010; Hsieh
175 et al., 2016; Jackson et al., 2013; Jackson & Balota, 2012;
176 McAvinue et al., 2012; McVay et al., 2013; Mioni et al.,
177 2019). Indeed, this type of response should be simpler than
178 no-go trials, as we chose to include only studies with a higher
179 percentage of go trials. The second aim of this meta-analytical
180 study was to investigate how performance varies over time in
181 older and younger adults. Based on some of the reported find-
182 ings, we hypothesized a better preservation of performance
183 over time in older adults than in younger ones (Brache et al.,
184 2010; Staub et al., 2014a, 2014b, 2014c; Staub et al., 2015).
185 The more controlled response strategy in older adults could
186 lead them to maintain a stable level of performance in the go/
187 no-go SART over the course of the task. We also checked
188 whether older adults’ performance is associated with in-
189 creased fatigue over time.

190 MethodQ1

191 The meta-analysis is reported according to the Preferred
192 Reporting Items for Systematic reviews and Meta-Analyses
193 (PRISMA; Liberati et al., 2009). Each of the recommended
194 steps (search and eligibility criteria, study selection, data ex-
195 traction and analysis) were made independently by two au-
196 thors; results were compared, and possible disagreements
197 were resolved by discussion and consensus with a third
198 author.

199 Eligibility criteria

200 The following inclusion criteria were used to select articles for
201 the meta-analysis:

202 & Using the Sustained Attention to Response Task (SART;
203 Robertson et al., 1997) or a modified SART version. In the
204 latter case, we included only those works that used para-
205 digms that adhere to the main parameters of the
206 Robertson’s task, such as the presence of a single no-go
207 trial type, random or quasirandom presentation of stimuli,
208 a higher proportion of go trials (i.e., 70%–95%) than no-
209 go trials (i.e., 5%–30%) and instructions emphasizing
210 equally speed and accuracy. Only studies with a lower
211 percentage of no-go than go were chosen to reflect the
212 criteria identified in Mackworth's (1956) review about
213 the nature of classic vigilance tests. According to this au-
214 thor, there are two types of vigilance: one is needed
215 throughout a long test to detect the occasional significant

216stimuli among many others presented at a slow pace, and
217the other one is necessary during a short test to detect rare
218signals among many other rapidly presented stimuli
219(Mackworth, 1956). We chose the second type because
220it is closer to more recent definitions of sustained attention
221(Leclercq, 2002). Furthermore, tasks that adopt no-go
222stimuli as targets, considered as more difficult than TFTs
223(Robertson et al., 1997), could be more sensitive to age-
224related differences.
225& Inclusion of healthy samples for younger (about 18–35
226years old) and older adults (60 years old and over).
227& Enough statistical information, such as means or medians,
228standard deviations (SD) or ranges, separately for the
229younger and older adults of the whole sample, or t or F,
230in order to calculate the differential effect size and perform
231the meta-analysis.

232Information sources

233A systematic literature search was carried out using PubMed,
234PsycINFO, and Scopus in order to retrieve relevant articles.
235Further, we checked the references in the selected articles and
236additional studies on the SART from different sources to find
237other potentially relevant articles.

238Search strategy

239The search for eligible studies was carried out between March
240and April 2020. Then, an update was performed December
24120–21, 2020, but no additional suitable studies were found.
242The literature search was performed using the conjunction of
243the following terms: (“older adults” OR “elderly”OR “aging”
244OR “ageing” OR “cognitive aging” OR “cognitive ageing”
245OR “normal aging” OR “normal ageing”) AND (“SART”
246OR “Sustained Attention to Response Task”). All terms were
247searched both as a keyword within the text and as a word
248belonging to the title and/or abstract. No restriction on publi-
249cation date range was applied and only published works with
250an English version available were considered.

251Study selection

252The relevant material was searched through databases, with
253the strategy explained above, or through other sources (e.g.,
254citations of the articles obtained by database search). The rel-
255evance and eligibility of articles were evaluated using a hier-
256archical approach. The total sum of papers was first assessed
257for duplicates. Then, the papers were screened on the basis of
258title and abstract, and those that did not meet the inclusion
259criteria were excluded. The remaining articles were finally
260examined in more depth—that is, by reading the full
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261 manuscript—and those that met the inclusion criteria were
262 included in the meta-analysis.
263 When a potentially eligible paper did not provide some
264 necessary information to perform the analyses, the corre-
265 sponding author was contacted via email. For example, when
266 the study did not stratify the whole sample based on age, we
267 directly contacted via email the authors of the article to ask for
268 the data separately for older and younger adults. If we did not
269 get an answer or the requested information could not be found,
270 that study was discarded.
271 Before analyzing each variable taken into consideration,
272 some clarifications must be made on some of these included
273 studies:

274 & The study by Carriere et al. (2010) reported the age groups
275 by decade; hence, only the third decade (for the group of
276 younger adults) and the seventh-plus decade (for the
277 group of older adults) were included in the present meta-
278 analysis, since the age of the other groups was out of our
279 interest range.
280 & Three studies included different experiments (Jackson
281 et al., 2013; Jackson & Balota, 2012) and/or different con-
282 ditions within the same experiment (Jackson et al., 2013;
283 Kousaie et al., 2014), involving different participants;
284 therefore, these experiments and conditions were divided
285 and analyzed as independent.
286 & McAvinue et al. (2012) reported two SART conditions: a
287 random condition, in which the digits appeared in a ran-
288 dom order, and a fixed one, in which there was a fixed
289 sequence from 1 to 9. Only the random condition was
290 taken into account as it resembles Robertson’s version.
291 In addition, only the age groups 20s and 30s (for the group
292 of younger adults) and the age groups 60s and 70s (for the
293 group of older adults) were taken into consideration, since
294 the age of the other groups was out of our interest range.
295 & The study by McVay et al. (2013) assigned participants to
296 two conditions based on the SART version, and we only
297 considered Robertson’s one. The other version was ex-
298 cluded because the participants had to respond to targets,
299 which were 11% of total trials. Hence, like in a TFT, the
300 inhibition of the response did not refer to rare stimuli, but
301 to frequent ones (89%). We contacted the authors in order
302 to obtain the sample size and the performance variables of
303 the standard SART condition, separately for older and
304 younger adults. The authors kindly provided us with the
305 sample size and accuracy on go and no-go trials.
306 & The study by Hsieh et al. (2016) investigated cognitive
307 performance on the SART after a reading session and an
308 acute resistance exercise session. Since the former was
309 considered as the baseline in that study, we decided to
310 include only the “reading” condition in the meta-analysis.
311 & In the study by Cassarino et al. (2019), the SART was
312 administered before and after viewing images of natural

313or urban environments. Therefore, only the SART vari-
314ables concerning the baseline condition were included.
315& We contacted Dr. Mioni for more information on her study
316data (Mioni et al., 2012). She kindly provided us with an-
317other article (Mioni et al., 2019), since the article found by
318us was a conference proceeding.Moreover, she provided us
319with the RTs for each trial of each participant and the mean
320and standard deviation of commission errors and omission
321errors separately for younger and older adults.

322Data collection process

323The meta-analysis was performed using Meta-Essentials
324software (Suurmond et al., 2017), in particular, the
325“Differences Between Independent Groups—Continuous
326Data” workbook, since the main outcome of interest was
327the mean difference between younger and older adults. All
328statistical information necessary for performing the meta-
329analysis was extracted from the retrieved articles, including
330sample size, means and standard deviations, separately for
331younger and older adults, or t or F, so that effect sizes could
332be calculated or at least estimated. When not directly report-
333ed in the text, statistical information was retrieved from
334plots using WebPlotDigitizer, a software freely available
335on the internet, which allows to extract numerical data from
336images (Rohatgi, 2019).

337Data items

338Only dependent variables reported by at least five studies were
339subjected to meta-analysis:

340RTs (in ms) on correct go trials The amount of time taken to
341respond to routine go stimuli. Eleven articles (Brache et al.,
3422010; Carriere et al., 2010; Cassarino et al., 2019; Hsieh
343et al., 2016; Jackson et al., 2013; Jackson & Balota, 2012;
344Kousaie et al., 2014; McVay et al., 2013; Mioni et al., 2019;
345Staub et al., 2014c; Staub et al., 2015), for a total of 18
346substudies taken separately, were considered in the analysis
347of correct RTs to go trials. The study byMcVay et al. (2013)
348did not report the RT standard deviation, and therefore the t
349value was considered. The studies by Staub et al. (2014c),
350Staub et al. (2015) and Cassarino et al. (2019) did not report
351in the text the mean and standard deviations values of the
352RTs, so we obtained these data from the graphs shown in
353these articles (their Fig. 2, Fig. 1, Fig. 2, respectively) with
354the WebPlotDigitizer program. In the studies by Staub and
355colleagues the mean and standard deviation were reported
356separately for the three periods in which the task was
357subdivided, so we made an average of the three blocks.
358However, in the Staub et al.’s (2014c) graph, confidence
359intervals (95%) were reported instead of standard
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360 deviations, so the standard deviation was obtained through

361 the formula SD ¼ ME
t:025;n−1

� ffiffiffi

n
p

(ME = Error Margin; n =

362 sample size; t0.025, n − 1= critical value corresponding to an
363 area of .025 in each tail for n-1 degrees of freedom). Also, in
364 the Cassarino’s graph there were standard errors instead of

365standard deviations of RTs, so the latter were obtained
366through the formula (SE = standard error).

367Posterror slowing (PES; in ms) It is often quantified as the
368difference between the mean RTs on the trials immediately

Fig. 2 Left: Summary results of the meta-analysis regarding RT
differences between younger and older adults, including Hedges’ g,
confidence interval (CI), and relative weight of each study. The weight
was computed as the inverse of the within-study variance with an additive
estimate of the between-studies variance (T2) based on the DerSimonian-
Laird method (Van Rhee et al., 2015), since a random effects model was

used. Right: Forest plot showing the effect size (in blue) of each study
with its confidence interval (in black) and the combined effect size (in
green) with its confidence interval (in black) and its prediction interval (in
green). The larger the blue dot, the higher the study weight. The positive
effect size shows longer RTs in older adults than in younger adults. (Color
figure online)

Fig. 1 PRISMA flow diagram of the retrieved articles, evaluated according to the inclusion/exclusion criteria and included in the analysis
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369 following a commission error on no-go trials and the mean
370 RTs on the trials immediately following a correct no-go trial
371 (Danielmeier & Ullsperger, 2011). Three articles (Jackson &
372 Balota, 2012; McVay et al., 2013; Mioni et al., 2019), which
373 included five substudies taken separately, were considered in
374 the analysis of PES. In this case, we only considered the in-
375 teraction results of the 2 × 2 analysis of variance (ANOVA),
376 with no-go trial response (correct vs. incorrect) as the within-
377 subjects factor and age group (younger vs. older) as the
378 between-subjects factor on go RTs right after no-go trials.
379 Importantly, raw RTs had to be transformed (i.e., into z-
380 scores) to account for the age-related generalized slowing.
381 Hence, one study (Staub et al., 2014c) was excluded because,
382 although the authors reported data on PES, they did not apply
383 any kind of transformation on RTs. Among the selected arti-
384 cles, two reported standardized RTs (zRTs) for this analysis
385 (Jackson & Balota, 2012; McVay et al., 2013); for the other
386 study (Mioni et al., 2019), the main author kindly provided us
387 with the necessary data to perform this transformation.
388 Therefore, RT for each go trial was first z-transformed for each

389 subject by using this formula: zRT ¼ RT−mean RT
SD , where RT is

390 the raw reaction time at a specific go trial, and mean RT and
391 SD are the within-subjects mean and standard deviation of go
392 RTs. Then, mean zRT after no-go trials was used as a depen-
393 dent variable for the 2 × 2 ANOVAmentioned above, and the
394 interaction result was considered for the analysis. Two older
395 adults had to be excluded from this analysis, since they did not
396 have any post-no-go error RTs available.

397 Accuracy on go trials The proportion between correct go trials
398 and total go trials. Eight articles (Carriere et al., 2010;
399 Cassarino et al., 2019; Hsieh et al., 2016; Jackson et al.,
400 2013; Jackson & Balota, 2012; McAvinue et al., 2012;
401 McVay et al., 2013; Mioni et al., 2019), including a total of
402 13 substudies, were considered in the analysis of accuracy on
403 go trials. Carriere et al. (2010), McAvinue et al. (2012) and
404 Mioni et al. (2019) reported only the mean and the standard
405 deviation of omission errors (i.e., failure to respond to go
406 stimuli), so we calculated the mean proportion of errors by
407 dividing the mean number of omissions by the total number
408 of go trials, separately for younger and older adults. Then, the
409 result was subtracted from 1, since the maximum value of the
410 accuracy index is 1 and the accuracy is complementary to
411 error. The standard deviation of accuracy was computed by
412 dividing the standard deviation of omission errors by the total
413 number of go trials. Hsieh et al. (2016) reported the mean and
414 the standard deviation of omission errors in percentages. We
415 obtained the complementary go accuracy percentage by
416 subtracting the mean percentage of errors from 100, and
417 subsequently the means and the standard deviations were
418 obtained by dividing by 100. Then, Cassarino et al. (2019)
419 reported only the median and interquartile range (IQR) of

420omission errors. Hence, the authors were contacted for these
421data and they provided us with the means and standard devi-
422ations of this variable. Then, the values of the variable were
423transformed into accuracy, as in previous studies.

424Accuracy on no-go trials Proportion between correct no-go
425trials and total no-go trials. Twelve articles (Brache et al.,
4262010; Carriere et al., 2010; Cassarino et al., 2019; Hsieh
427et al., 2016; Jackson et al., 2013; Jackson & Balota, 2012;
428Kousaie et al., 2014; McAvinue et al., 2012; McVay et al.,
4292013; Mioni et al., 2019; Staub et al., 2014c; Staub et al.,
4302015), which included 19 substudies altogether, were consid-
431ered in the analysis of accuracy on no-go trials. The study by
432Brache et al. (2010) did not report the standard deviation of
433accuracy on no-go trials, and therefore the F-value was con-
434sidered. Carriere et al. (2010), Kousaie et al. (2014),
435McAvinue et al. (2012), and Mioni et al. (2019) reported only
436the means and the standard deviations of commission errors
437(false alarms to no-go stimulus). Hence, the mean proportion
438of errors was calculated by dividing the mean number of com-
439missions by the total number of no-go trials and the result was
440subtracted from 1, since the accuracy is complementary to
441error and its maximum value is 1. Then, the standard deviation
442of accuracy was calculated by dividing the standard deviation
443of commission errors by the total number of no-go trials. The
444studies by Staub et al. (2014c) and Staub et al. (2015) reported
445means and standard deviations of commission errors in per-
446centages, and we obtained these data from the graphs shown
447in their art icles (their Fig. 1, for both) with the
448WebPlotDigitizer program. Again, since these studies report-
449ed the values separately for the three periods of the task, we
450first averaged them. Then, the complementary value of the
451mean commission error percentage was calculated to obtain
452the mean no-go accuracy in percentage, and we finally divided
453it and the standard deviation by 100 to have the accuracy in
454proportion. Staub et al. (2014c) reported the confidence inter-
455vals (95%) instead of standard deviations in the graphs, so the
456latter were obtained from confidence intervals through the

457formula SD ¼ ME
t:025;n−1

� ffiffiffi

n
p

. Also, Hsieh et al. (2016) reported

458means and standard deviations of no-go errors in percentage,
459so once again we calculated no-go accuracy as described
460above. Finally, Cassarino et al. (2019) reported only the me-
461dian and IQR of commission errors, so the authors were
462contacted. They provided us with the means and standard
463deviations of this variable. Then, the accuracy was calculated
464as for previous studies.
465Our study also aimed to investigate how performance
466changes over time in younger and older adults. However, a
467meta-analysis on this variable was not possible, since the min-
468imum number of five studies was not reached. So, we will
469only descriptively review the results of the studies that report-
470ed block-wise performance for their experimental task.
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471 Risk of bias in individual studies

472 Only studies with healthy participants—without any psychi-
473 atric or neurological disorders—were selected. In order to as-
474 sess the quality of the included studies we used the
475 Newcastle–Ottawa Scale (NOS), a tool developed to evaluate
476 nonrandomized studies for systematic reviews (Wells et al.,
477 2011), and more specifically we chose a version adapted for
478 cross-sectional studies (Patra et al., 2015). Similar to the other
479 steps, the scoring of the NOS was performed by two authors
480 independently, and any mismatch was solved with the inter-
481 vention of a third author to reach a consensus. Details on this
482 scale can be found in Table 3.

483 Risk of bias across studies

484 The risk of publication bias across studies was assessed
485 through funnel plots, provided by Meta-Essentials
486 (Suurmond et al., 2017). In the absence of publication bias,
487 the funnel should be symmetrical, so the studies should be
488 equally distributed around the mean effect. With high risk of
489 publication bias, some data are expected to be missing in the
490 plot, leading to an asymmetrical funnel. However, this ap-
491 proach is limited by several factors: First of all, it is a largely
492 subjective procedure, and in second instance there might be
493 other causes of the funnel plot asymmetry besides publication
494 bias (e.g., high heterogeneity among studies; Sterne et al.,
495 2008). To partially circumvent this issue, Meta-Essentials in-
496 cludes a tool more specifically intended for publication bias,
497 that is the “trim and fill” algorithm (Duval & Tweedie, 2000);
498 this procedure imputes the potentially missing studies and
499 calculates an unbiased estimate for the combined effect size.

500 Summary measures

501 The difference in the mean RTs on go correct trials, accuracy
502 on go and no-go trials between younger and older adults and
503 interaction effects of PES were used as the summary
504 measures.

505 Synthesis of results

506 Four meta-analyses were performed on the SART in older and
507 younger adults, by reporting subgroup values for each variable
508 (RTs, PES, accuracy on go trials, accuracy on no-go trials).
509 The two healthy subgroups were already combined in the
510 original studies, in terms of means and standard deviations
511 or F or t values. For each meta-analysis, the effect sizes of
512 the individual studies and the combined effect size were esti-
513 mated, reported in a forest plot, along with measures of het-
514 erogeneity (e.g., T), confidence and prediction intervals. Like
515 the other “difference family” effect sizes (e.g., Cohen’s d,

516odds ratio), Hedges’ g is used to define the magnitude of a
517difference between or within groups (Van Rhee et al., 2015);
518this index, that applies for continuous data, is a standardized
519mean difference based upon a pooled and weighted standard
520deviation (Borenstein et al., 2009). Heterogeneity can be de-
521fined as the variation in the true effect sizes under a random-
522effects model, where it is assumed that each observed effect
523size estimates a different true effect (Borenstein et al., 2009).
524I2 and T are the most indicative measures of heterogeneity, the
525former indicating the percentage of total variation across stud-
526ies due to heterogeneity versus chance and the latter
527representing the estimated standard deviation of true effects,
528so the absolute value of heterogeneity. I2 is typically
529interpreted as follows: 25% = low, 50% = moderate, and
53075% = high (Higgins et al., 2003). The T value can instead
531be put in relation to the length of the prediction interval, which
532depends on it (see below for the definition of prediction
533interval; Borenstein et al., 2009). The confidence interval is
534a numerical range, centered on the point estimate of the pa-
535rameter, that is likely to include the population parameter
536(e.g., the difference of the population means). The calculation
537of confidence intervals begins by setting the probability that
538the interval estimation does not include the parameter.
539Usually, 5% is accepted as the level of risk, so the confidence
540interval is 95% (Vaske, 2002). It is interpreted as the range
541that, if the parameter estimate was calculated repeatedly with
542different samples from the same population, it would contain
543the true population parameter in approximately 95% of the
544cases (Hoekstra et al., 2014). If the confidence interval for a
545difference between groups includes the zero, the result is not
546significant since it means that the true difference in the popu-
547lation might be null (Van Rhee et al., 2015). The prediction
548interval is based on the same (frequentist) logic, but it gives
549the range in which a future sampled data point might fall.
550Meta-Essentials calculates the prediction interval around the
551combined effect size, an estimate of how the true effects are
552distributed around the summary effect (under a random effects
553model; Van Rhee et al., 2015). Choosing a confidence level of
55495%, the prediction interval gives the range in which the 95%
555of future effect sizes will fall, assuming that true effect sizes
556are normally distributed (Hak et al., 2016).

557Results

558Study selection

559The search of PubMed, Scopus, PsycINFO and other sources
560(articles relevant to the topic that were cited by other articles)
561provided a total of 157 articles (PubMed: 61; Scopus: 45;
562PsycINFO: 22; other sources: 29), as shown in the PRISMA
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563 flow diagram (see Fig. 1). After discarding duplicates, 108
564 records remained. Titles and abstracts of the recovered articles
565 were screened to evaluate whether they were suitable, accord-
566 ing to the established criteria. After screening titles and/or
567 abstracts, 61 articles were excluded. The full texts of the re-
568 maining 47 articles were examined in more detail. Of these
569 studies, 12 were judged suitable.

570 Characteristics of the studies

571 All 12 articles included in the meta-analytical review were
572 published in English, and they reported the analysis on the

573SART, separately for younger and older adults. Nine of these
574used the SART version of Robertson et al. (1997), the other
575three used some variants instead (see Table 1). In particular,
576the study by Brache et al. (2010) employed a task in which
577participants viewed “good” or “bad” parts. Each part consisted
578of three black circles on a white background, one large central
579black circle next to two smaller circles. Participants were re-
580quired to respond to the “good” part (i.e., when the larger
581central circle was equidistant from the others). Participants
582had to withhold the response when the “bad” part was shown
583(i.e., when the central circle was not equidistant from the
584others). McVay et al. (2013) used a different SART version

t1:1 Table 1 Summary of the studies included in the meta-analysis

t1:2 SART task Number of go
trials

Number of no-
go trials

Total number
of trials

Duration of the
task (min.)

Variables considered

t1:3 Brache et al., 2010 Modified
version

950 (95%) 50 (5%) 1,000 50 RT, Accuracy no-go trials

t1:4 Carriere et al., 2010 Robertson
et al., 1997

200 (89%) 25 (11%) 225 4 RT, Accuracy go/no-go trials

t1:5 JacksonQ2 et al., 2012
(Exp.1)

Robertson
et al., 1997

192 (89%) 24 (11%) 216 ≈4 RT, Accuracy go/no-go trials,
Posterror slowing

t1:6 Jackson et al., 2012
(Exp.2)

Robertson
et al., 1997

244 (89%) 31 (11%) 275 ≈5 RT, Accuracy go/no-go trials,
Posterror slowing

t1:7 Jackson et al., 2012
(Exp.3)

Robertson
et al., 1997

200 (89%) 25 (11%) 225 ≈10 RT, Accuracy go/no-go trials,
Posterror slowing

t1:8 McAvinue et al., 2012 Robertson
et al., 1997

200 (89%) 25 (11%) 225 5.4 Accuracy go/no-go trials

t1:9 Jackson et al., 2013
(Exp.1 Cond. 1)

Robertson
et al., 1997

299 (89%) 37 (11%) 336 ≈14 RT, Accuracy go/no-go trials

t1:10 Jackson et al., 2013
(Exp.1 Cond. 2)

Robertson
et al., 1997

299 (89%) 37 (11%) 336 ≈14 RT, Accuracy go/no-go trials

t1:11 Jackson et al., 2013
(Exp.2 Cond.1)

Robertson
et al., 1997

299 (89%) 37 (11%) 336 ≈14 RT, Accuracy go/no-go trials

t1:12 Jackson et al., 2013
(Exp.2 Cond.2)

Robertson
et al., 1997

299 (89%) 37 (11%) 336 ≈14 RT, Accuracy go/no-go trials

t1:13 McVay et al., 2013 Modified
version

800 (89%) 100 (11%) 900 ≈20 RT, Accuracy no-go trials,
Posterror slowing

t1:14 Kousaie et al., 2014
(Anglophone)

Robertson
et al., 1997

200 (89%) 25 (11%) 225 NA RT, Accuracy no-go trials

t1:15 Kousaie et al., 2014
(Francophone)

Robertson
et al., 1997

200 (89%) 25 (11%) 225 NA RT, Accuracy no-go trials

t1:16 Kousaie et al., 2014
(Bilinguals)

Robertson
et al., 1997

200 (89%) 25 (11%) 225 NA RT, Accuracy no-go trials

t1:17 Staub et al., 2014c Robertson
et al., 1997

720 (89%) 90 (11%) 810 30 RT, Accuracy no-go trials

t1:18 Staub et al., 2015 Robertson
et al., 1997

720 (89%) 90 (11%) 810 30 RT, Accuracy no-go trials

t1:19 Hsieh et al., 2016 Modified
version

140 (70%) 60 (30%) 200 23 RT, Accuracy go/no-go trials

t1:20 Cassarino et al., 2019 Robertson
et al., 1997

152 (89%) 19 (11%) 171 6.48 RT, Accuracy go/no-go trials

t1:21 Mioni et al., 2019 Robertson
et al., 1997

200 (89%) 25 (11%) 225 4.31 RT, Accuracy go/no-go trials,
Posterror slowing

Note. This Table displays 19 rows, although the included articles were only 12, because the study by Jackson and Balota (2012) is divided into three
independent substudies, the study by Jackson et al. (2013) into four, and that by Kousaie et al. (2014) into three.
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585 (McVay & Kane, 2009, 2012), in which the participants had
586 to respond to frequent nontarget words (i.e., animal names) by
587 pressing the space bar and to rare target words (i.e., food
588 names) by withholding the response.
589 The study by Hsieh et al. (2016) employed a SART version
590 described by Hung et al. (2013). The task was formed by a
591 yellow, square-shaped symbol followed by a second symbol
592 which had the same size but different color and shape. On go
593 trials, participants had to respond to a green circular symbol
594 by pressing a button; on no-go trials, they had to refrain this
595 response to a red, pentagon-shaped symbol.
596 Although these tasks were different from the Robertson
597 et al.' (1997) one, these studies were included because the
598 main characteristics were comparable: the no-go condition
599 was present, the presentation of stimuli was random or
600 quasirandom and the typical proportions between go trials
601 and no-go trials were respected (5% of no-go trials in
602 Brache et al., 2010; 11% in McVay et al., 2013). Hsieh et al.
603 (2016) presented a higher percentage of no-go trials (30%)
604 than the other studies, but the number of no-go trials was still
605 considerably lower than the number of go trials.
606 Regarding the duration of the task, some of the included
607 studies required participants to report mind-wandering while
608 performing the SART, so it was not possible to calculate the
609 exact length of the task but only an approximation (as shown
610 in Table 1).
611 The selected articles for the SART involved 1,522 healthy
612 individuals, of which 832 were younger adults and 690 were
613 older adults. The first sample included participants with a
614 mean age of 23 years (19 and 28.25 years as the lowest and
615 the highest mean age, respectively), the second sample a mean
616 age of 67.98 years (mean age range: 56.2 and 77.3 years; see
617 Table 2). The commonly used exclusion criteria included a
618 history of neurological and psychiatric diseases, an uncorrect-
619 ed visual impairment, and the presence of cognitive impair-
620 ment. In particular, some studies (Hsieh et al., 2016; Mioni
621 et al., 2019) used the Mini-Mental State Examination
622 (MMSE; Folstein et al., 1975) to investigate the presence of
623 cognitive impairment (no dementia, MMSE > 26).

624 Risk of bias in individual studies

625 The adapted Newcastle–Ottawa Scale version for cross-
626 sectional studies scores (McPheeters et al., 2012; Table 3)
627 showed that the included articles have a medium-low risk of
628 bias (see Table 4).

629 Synthesis of results

630 Reaction time (ms)

631 In the RT analysis (see Fig. 2), older adults were slower than
632 younger adults on go trials, as indicated by a significant

633combined effect size (Hedges’ g = 1, SE = .13, 95% CI [.72,
6341.27], 95% prediction interval [.03, 1.96], Z = 7.58, two-tailed
635p < .0001). There was evidence of high heterogeneity, both in
636terms of proportion across the observed variance (= 75.97%)
637and in terms of absolute value (T = .44), but the overall result
638can be considered anyway robust. Indeed, assuming that the
639true effects are normally distributed, we can predict that 95%
640of future studies will fall in the positive range between .03 and
6411.96 (lower and upper limit of the prediction interval).

642PES (ms)

643In the PES analysis (see Fig. 3), older adults were significantly
644slower than younger adults after an error on no-go trials
645(Hedges’ g = .79, SE = .07, 95% CI [.60, .99], 95% prediction
646interval [.60, .99], Z = 11.48, two-tailed p < .0001). The het-
647erogeneity proportion was null (= .00%), like the estimated
648standard deviations of true effects around the mean effect (T =
649.00). Thus, these results indicate no observed heterogeneity,
650with the important caveat of the low number of included
651studies.

652Accuracy on go trials

653In the accuracy on go trial analysis, older adults were numer-
654ically less accurate on go trials than younger adults, but this
655difference did not reach statistical significance (Hedges’ g =
656−.18, SE = .17, 95% CI [−.56, .19], 95% prediction interval
657[−1.36, 1], Z = −1.06, two-tailed p = .287), probably because
658of a ceiling effect in most studies. In addition, there was evi-
659dence of high heterogeneity (= 83.30%, T = .51).

660Accuracy on no-go trials

661In the accuracy on no-go trial analysis (see Fig. 4), older adults
662showed significantly higher accuracy on no-go trials than
663younger adults (Hedges’ g = .59, SE = .13, 95% CI [.32,
664.85], 95% prediction interval [−.37, 1.55], Z = 4.69, two-
665tailed p < .0001). The heterogeneity proportion was high (=
66676.77%) and the estimated standard deviation of true effect
667sizes was also considerable (T = .44). Given these high values
668of heterogeneity, more caution is neededwhen interpreting the
669results since, if we assume that the true effects are normally
670distributed, 95% of future studies will reasonably also include
671negative values, falling precisely between -.37 and 1.55, as
672indicated by the prediction interval.

673Performance over time

674Regarding the second aim of the meta-analysis (i.e., change in
675performance over time), as already mentioned, the cutoff
676established a priori (at least five studies) was not reached.
677Indeed, only Brache et al. (2010), Staub et al. (2014c), and
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678 Staub et al. (2015) investigated how performance on the
679 SART varies over time. For this purpose, they divided their
680 tasks into blocks: Brache et al. (2010) into five blocks and
681 Staub et al. (2014c) and Staub et al. (2015) into three. As far
682 as RTs are concerned, Staub et al. (2014c) and Staub et al.
683 (2015) found that RTs increased in older adults between
684 Block 1 and Block 2 (p < .006 and p < .001, in the first and
685 second studies, respectively) and between Block 1 and Block

6863 (p < .002 and p < .001, in the first and second studies,
687respectively), while they remained stable in younger adults.
688These studies also report consistent results in terms of ac-
689curacy on no-go trials. Specifically, the commission errors
690increased in younger adults over time (Brache et al., 2010;
691differences between Block 1 and Block 2 p < .004 and p <
692.007, and between Block 1 and Block 3 p < .003 and p < .009
693in Staub et al., 2014c and Staub et al., 2015, respectively). On

t3:1 Table 3 Newcastle–Ottawa Scale (adapted for cross-sectional studies)

t3:2 Q1 Q2 Q3

t3:3 Selection
(maximum
3 points)

Representativeness of the sample:
a) Truly representative of the average in the target

population (all subjects or random sampling)
(1 point)

b) Somewhat representative of the average
in the target population (nonrandom sampling)
(1 point)

c) Selected group of users
d) No description of the sampling strategy

Nonrespondents:
a) Comparability between respondents and

nonrespondents characteristics is established,
and the response rate is satisfactory (1 point)

b) The response rate is unsatisfactory, or the
comparability between respondents and
nonrespondents is unsatisfactory

c) No description of the response rate or the
characteristics of the responders and the
nonresponders

Ascertainment of the
exposure (risk factor):

a) Validated measurement
tool (1 point)

b) Nonvalidated
measurement tool, but
the tool is available or
described

c) No description of the
measurement tool

t3:4 Comparability
(maximum
2 points)

The subjects in different outcome groups are
comparable, based on the study design or
analysis. Confounding factors are controlled:

a) The study controls for the most important
factor (select one) (1 point)

b) The study control for any additional factor (1
point)

t3:5 Outcome
(maximum
2 points)

Assessment of the outcome:
a) Independent blind assessment (1 point)
b) Record linkage (1 point)
c) Self report
d) No description

Statistical test:
a) The statistical test used to analyze the data is clearly

described and appropriate, and the measurement of
the association is presented, including confidence
intervals and the probability level (p value) (1 point)

b) The statistical test is not appropriate, not described
or incomplete

t4:1 Table 4 Quality assessment using the Newcastle–Ottawa Scale (adapted for cross-sectional studies)

t4:2 Selection Comparability Outcome Total

t4:3 Q1 Q2 Q3 Quality rating Q1 Quality rating Q1 Q2 Quality rating

t4:4 Brache et al., 2010 b c a Fair (=2) ab Good (=2) a a Good (=2) 6

t4:5 Carriere et al., 2010 b a a Good (=3) a Fair (=1) a a Good (=2) 6

t4:6 Jackson et al., 2012* b a a Good (=3) a Fair (=1) a a Good (=2) 6

t4:7 McAvinue et al., 2012 b c a Fair (=2) ab Good (=2) a a Good (=2) 6

t4:8 Jackson et al., 2013* b a a Good (=3) ab Good (=2) a a Good (=2) 7

t4:9 McVay et al., 2013 b c a Fair (=2) ab Good (=2) a a Good (=2) 6

t4:10 Kousaie et al., 2014* b c a Fair (=2) ab Good (=2) a a Good (=2) 6

t4:11 Staub et al., 2014c d c a Poor (=1) ab Good (=2) a a Good (=2) 5

t4:12 Staub et al., 2015 d c a Poor (=1) ab Good (=2) a a Good (=2) 5

t4:13 Hsieh et al., 2016 b c a Fair (=2) ab Good (=2) a a Good (=2) 6

t4:14 Cassarino et al., 2019 b a a Good (=3) ab Good (=2) a a Good (=2) 7

t4:15 Mioni et al., 2019 b c a Fair (=2) ab Good (=2) a a Good (=2) 6

*The substudies composing these articles were considered together, as they obtained the same NOS score.
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694 the contrary, they decreased (differences between Block 1 and
695 Block 2 p < .001 in Staub et al., 2014c; between Block 1 and
696 Block 2 and between Block 1 and Block 3 p < .001 in Staub
697 et al., 2015) or remained stable (Brache et al., 2010) in older
698 adults.

699 Risk of bias across studies

700 Regarding the risk of bias across studies for the RTs analysis,
701 the funnel plot (see Fig. 5) shows some asymmetry among the
702 studies with higher standard errors (at the bottom of the
703 graph), which are all distributed on more positive values than
704 the mean effect. This subjective statement is partially con-
705 firmed by the results of the tests for funnel plot’s asymmetry
706 (Egger’s test and Begg andMazumdar test), with only the first
707 being significant (t = 2.68, p = .016, and z = 1.86, p = .063,
708 respectively). This asymmetry could be due to publication
709 bias, as the “trim and fill”method found three missing studies
710 on the left side of the mean effect. Therefore, the adjusted
711 combined effect size when considering the imputed data
712 points is lower (Hedges’ g = .67) than the original one
713 (Hedges’ g = 1.00), but still significant (95% CI [.35, .99]).

714The approaches for the evaluation of publication bias should
715however be used only when there is a reasonable number of
716studies (at least 10; Borenstein et al., 2009; Sterne et al., 2008).
717Therefore, the funnel plot for PES analysis (see Fig. 6) is difficult
718to interpret due to the paucity of studies. Considering this caveat,
719no evidence of asymmetry arises from the Egger’s test (t = .83, p
720= .47) and the Begg and Mazumdar test (z = .98, p = .33).
721Moreover, the “trim and fill” method found no missing studies,
722suggesting no evidence of publication bias.
723The funnel plot for no-go accuracy (Fig. 7) does not show
724relevant asymmetry, as the studies are more or less equally
725distributed around the mean effect. Indeed, the Egger’s test
726and the Begg andMazumdar test were both not significant (t =
7271.60, p = .189 and z = 1.15, p = .436, respectively). In addi-
728tion, the “Trim and Fill” algorithm found no missing studies,
729suggesting no asymmetry due to publication bias.

730Discussion

731The aim of the present meta-analytical study was to evaluate
732age-related differences in sustained attention, using the SART
733as the most representative task to measure this construct.

Fig. 3 Left: Summary meta-analytical results regarding PES differences
between younger and older adults, including Hedges’ g, confidence
interval (CI), and relative weight of each study. Weight computation is
explained in Fig. 2. Right: Forest plot showing the effect size (in blue) of
each study with its confidence interval (in black) and the combined effect

size (in green) with its confidence interval (in black) and its prediction
interval (in green). The larger the blue dot, the higher the study weight.
The positive effect size shows longer RTs after a commission error for
older adults than for younger adults. (Color figure online)

Fig. 4 Left: Summary results of meta-analysis regarding accuracy on no-
go trial differences between younger and older adults, including Hedges’
g, confidence interval (CI), and relative weight of each study. Weight
computation as in Fig. 2. Right: Forest plot showing the effect size (in
blue) of each study with its confidence interval (in black) and the

combined effect size (in green) with its confidence interval (in black)
and its prediction interval (in green). The larger the blue dot, the higher
the study weight. The positive effect size shows higher performance in
older adults than in younger adults. (Color figure online)
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Fig. 5 Funnel plot of the studies in the RTs analysis, represented by blue
dots, with effect size (x-axis) and standard error (y-axis). There is also the
combined effect size (green dot) with its confidence interval (black) and
prediction interval (green), and the adjusted effect size (red dot) for

imputed data points with the corresponding intervals (black and red,
respectively). The adjusted effect size is lower than the original one
because it takes into account three missing studies located on the left of
the mean effect. (Color figure online)

Fig. 6 Funnel plot of the studies in the PES analysis, represented by blue
dots, with effect size (x-axis) and standard error (y-axis). The plot also
reports the combined effect size (green dot) and the adjusted effect size
(red dot) with their confidence intervals (black) and prediction intervals

(green and red, respectively). The original combined effect size is equal to
the adjusted one since the “trim and fill” method found no missing
studies. (Color figure online)
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734 Overall, meta-analytical evidence showed that older adults
735 were slower than younger adults in responding to go stimuli
736 and after an error on no-go trials; nevertheless, older adults
737 outperformed younger adults in terms of accuracy on no-go
738 trials, while the two age groups did not differ in terms of
739 accuracy on go trials.

740 Age-related slowing and increased accuracy rate

741 The age-related slowing found in our meta-analysis confirms a
742 robust trend present in literature: an increase in RTs and/or RT
743 variability with age in different cognitive tasks (e.g., Der &
744 Deary, 2006; Dykiert et al., 2012; Salthouse, 1996), including
745 attentional tasks (e.g., Fortenbaugh et al., 2015; Lufi &
746 Haimov, 2019). Several alternative explanations have been
747 proposed to describe this effect.
748 From an anatomical perspective, this decline in speed has
749 been mainly attributed to the age-related deterioration of the
750 white matter, that leads to a reduction in the efficiency of
751 communication between brain regions (disconnection hypoth-
752 esis; O’Sullivan et al., 2001); also, neural measures not obvi-
753 ously linked to connection efficiency, like the brain volume,
754 have been found to be related to measures of speed (see
755 Salthouse, 2017, for a review). In relation to that, the speed
756 deficit theory asserts that the cognitive problems faced by
757 older adults are rooted in a slowing down of the brain’s pro-
758 cessing systems (Salthouse, 1996).

759Another explanation, that is not mutually exclusive, for the
760RTs increase observed in older adults concerns an age-related
761difference in speed–accuracy trade-off (Hertzog et al., 1993;
762Smith & Brewer, 1995), which may also account for the
763higher accuracy on no-go trials. Indeed, older adults may have
764adopted a more conservative and controlled response strategy
765while performing the task, emphasizing accuracy over speed,
766while younger adults may have prioritized more response
767speed, thereby being more error prone on no-go trials
768(Fortenbaugh et al., 2015; Staub et al., 2013). Similarly, also,
769the age-related increase in PES could be considered as a fur-
770ther indicator of this increased cautiousness.
771According to the diffusion model approaches (see Ratcliff
772& Smith, 2004, for a review), older adults typically need to
773collect more evidence before selecting a response compared
774with their younger counterparts (Ratcliff et al., 2004; Starns &
775Ratcliff, 2010). Moreover, evidence exists of an age-related
776increase in the response criterion (Criss et al., 2014), a param-
777eter of the signal detection theory, which represents the will-
778ingness of the subject to report a signal in ambiguous condi-
779tions; the higher the criterion, the higher the evidence the
780subject requires to report a signal, indicating a more conser-
781vative strategy.
782This more prudent strategy could lead older adults to better
783inhibit responses to no-go stimuli, in line with studies demon-
784strating preserved inhibitory abilities in older adults during go/
785no-go procedures (Grandjean & Collette, 2011; Staub et al.,

Fig. 7 Funnel plot of the studies in the no-go accuracy analysis,
represented by blue dots, with effect size (x-axis) and standard error (y-
axis). The combined effect size (green dot) and its adjusted estimate (red
dot) are also depicted, with their confidence intervals (black) and

prediction intervals (green and red, respectively). The two combined
effects are equal since the “trim and fill” algorithm found no evidence
of publication bias. (Color figure online)
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786 2014b). Indeed, the SART could be more precisely conceptu-
787 alized as a compound measure of inhibitory control and
788 sustained attention rather than a pure measure of the latter
789 (Carter et al., 2013; Stevenson et al., 2011). Therefore, this
790 meta-analysis challenges the notion of general inhibition def-
791 icits in older adults (Hasher & Zacks, 1988; Healey et al.,
792 2008), in line with recent reports that found inconsistent re-
793 sults or no evidence of age-related deficits in inhibition capac-
794 ities (Rey-Mermet & Gade, 2018).
795 The controlled strategy adopted by older adults could lead
796 to a better inhibition not only of task-related contents but also
797 internally generated irrelevant stimuli (e.g., task-unrelated
798 thoughts; TUTs), as demonstrated by the lower amount of
799 mind-wandering in aging during sustained attention tasks
800 (Fountain-Zaragoza et al., 2018; Giambra, 1989; Jackson
801 et al., 2013; Jackson & Balota, 2012; McVay et al., 2013;
802 Staub et al., 2014b, 2014c; Staub et al., 2015). The reduced
803 amount of mind-wandering exhibited by older adults could be
804 explained by a higher degree of control over the task coupled
805 with an increased task difficulty, when compared with youn-
806 ger adults (Smallwood, 2015). The lower tendency to mind-
807 wander in older adults could also be due to the higher moti-
808 vation and interest they typically show in cognitive tasks when
809 volunteering in lab studies (Staub et al., 2014b, 2014c; Staub
810 et al., 2015; Thackray & Touchstone, 1981), which would
811 help them to endogenously maintain sustained attention over
812 the task.
813 From the studies included in the systematic search, five of
814 them analyzed the mind-wandering effects during the execu-
815 tion of the SART. Of those studies, three included mind-
816 wandering probes (McVay et al., 2013; Jackson et al., 2012;
817 Jackson et al., 2013), while in the other two studies, partici-
818 pants were asked to fill a questionnaire after the task (Staub
819 et al., 2014c; Staub et al., 2015); thereby, it was not possible to
820 perform a meta-analysis, due to the paucity of available stud-
821 ies with a consistent approach. Despite methodological differ-
822 ences in the employed tasks (i.e., with and without mind-
823 wandering probes), in all five studies it was found that older
824 adults tend to mind-wander less frequently than younger
825 adults. Different data were found when a particular mind-
826 wandering category was taken into consideration: “task-relat-
827 ed interference” (TRI; e.g., Smallwood et al., 2004). TRI dif-
828 fers conceptually from “task-unrelated thoughts” (TUT; used
829 in previous studies), because it refers to task-related thinking,
830 but both are associated with higher go/no-go errors (McVay&
831 Kane, 2012). McVay et al. (2013) evaluated TRI and showed
832 that older adults experienced more TRI than younger people.
833 However, younger adults reported a higher total mind-
834 wandering (21% of TRI and 51% of TUT, for a total of
835 72%) than older adults (31% of TRI and 17% of TUT, for a
836 total of 48%). In previous studies, the absence of TRI as a
837 response may have inflated age differences in the rate of
838 mind-wandering.

839Moreover, McVay et al. (2013) found that when the level
840of mind-wandering was taken into account, age-difference
841between groups on the SART disappeared, indicating that
842older adults outperformed younger ones partially because of
843their reducedmind-wandering. Jackson et al. (2013) examined
844self-reported and probe-caught mind-wandering in two differ-
845ent experiments but they did not directly compare perfor-
846mance between tasks. However, they suggest that older adults
847might find the SART more difficult (in both experiments) and
848more interesting (in the probe-caught version), thus reducing
849their mind-wandering. It is important to remember that these
850age-related differences in mind-wandering have been shown
851to be partially due to age-related differences in motivation
852(Seli et al., 2017; Seli et al., 2020; Staub et al., 2015).
853Although some of the included studies measured interest or
854motivation of the participants (Jackson et al., 2013; Jackson &
855Balota, 2012; Staub et al., 2014c; Staub et al., 2015), it was not
856possible to meta-analytically assess their influence on SART
857performance among younger and older adults, since in both
858cases the threshold of a minimum number of five studies was
859not reached. Moreover, given that these dimensions were
860measured in heterogeneous ways, it was not reasonable to
861include them in a single meta-analysis.
862Nevertheless, from a descriptive perspective, older adults
863were generally more motivated before performing the task
864(Staub et al., 2014c; Staub et al., 2015) or found it more inter-
865esting (see Experiments 2 and 3 in Jackson & Balota, 2012,
866and Experiment 2 in Jackson et al., 2013) than younger adults.
867This age difference could be explained by the fact that youn-
868ger adults were in most cases university students (Brache
869et al., 2010; Cassarino et al., 2019; Jackson & Balota, 2012;
870McVay et al., 2013; Mioni et al., 2019), thus highly familiar
871with the context and the experience of these studies in contrast
872with older adults, for whom the novelty effect could explain
873their higher degree of motivation and/or interest. Moreover,
874personality traits like conscientiousness, which is higher in
875older adults (see Experiment 1 and 2 in Jackson & Balota,
8762012), could partially explain this difference, because older
877adults were more likely to take the task seriously.
878This evidence provides also support to the mindlessness
879theory of vigilance (Manly et al., 1999; Robertson et al.,
8801997), according to which failures on sustained attention tasks
881are caused by mindlessness, a state induced by the monotony
882of the task in which attention is disengaged from task-related
883stimuli and captured by task-unrelated ones. Since older adults
884are more intrinsically motivated and adopt a more controlled
885strategy, they are less likely to experience task-unrelated
886thoughts (Staub et al., 2013). On the other hand, according
887to the resource account (Warm et al., 2008), vigilance perfor-
888mance is dependent upon variations in attentional resources;
889thus, if we assume that aging is associated with a resource
890deficit, older adults should perform worse than younger adults
891on sustained attention tasks (Craik & Byrd, 1982). However,
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892 besides performing better than younger adults, older adults do
893 not differ from them in terms of workload ratings related to the
894 task (Staub et al., 2014b, 2014c). Standard sustained attention
895 tasks might not be demanding enough to over-tax the reduced
896 attentional capacities of older adults (Thomson & Hasher,
897 2017), and this is suggested by the fact that under more de-
898 manding conditions (e.g., perceptually degraded stimuli,
899 faster presentation of stimuli) some age differences arise
900 (Mouloua & Parasuraman, 1995; Parasuraman et al., 1989).
901 In the neuroimaging literature, a more controlled response
902 strategy has been associated with a higher activation of multiple
903 regions, among which a key role is played by the anterior cin-
904 gulate cortex (ACC) and the lateral prefrontal cortex (PFC).
905 The activation of those regions during top-down control leads
906 to enhanced attention on relevant task-information (Hester
907 et al., 2004; Simoes-Franklin et al., 2010). In the aging brain,
908 studies showed that older adults increase activity in the ACC on
909 go/no-go tasks (Hester et al., 2004; Nielson et al., 2002) and
910 engage the lateral PFC with time on task, indicating the in-
911 volvement of higher cognitive control and improvement in per-
912 formance over time (Sharp et al., 2006). Also, ERP studies on
913 the SART (Staub et al., 2014b; Staub et al., 2015) showed that,
914 when compared with younger adults, older adults exhibit a
915 higher P3 amplitude to nontargets and a higher P2 amplitude
916 over frontocentral electrodes regardless of the type of stimulus
917 (go, no-go), indicating a higher allocation of top-down atten-
918 tional resources throughout the duration of the task.
919 Concerning the second aim of the study—namely,
920 assessing change in performance over time—we could not
921 include enough studies to be able to perform a meta-analysis.
922 However, the identified studies showed that as the task goes
923 on, older adults show increased RTs and enhanced accuracy
924 compared with younger adults (Brache et al., 2010; Staub
925 et al., 2014c; Staub et al., 2015), with no effect of fatigue,
926 when considered. Indeed, this time-on-task pattern suggests
927 that older adults had longer RTs along the task not (only)
928 because the task was too demanding, but to actually increase
929 the performance level in terms of accuracy. This effect might
930 be linked to the fact that older adults are greatly motivated to
931 perform the task proficiently, have less intrusive thoughts,
932 which might allow them to focus on the task, maintaining a
933 high level of attention without habituation. Thus, as the task
934 goes on, they might prefer to shift towards greater accuracy at
935 the expenses of speed.

936 Age-related posterror slowing increase

937 Our meta-analysis found an increased PES in older adults, a
938 result reported also by other studies in the literature (Band &
939 Kok, 2000). Different accounts, either adaptive or maladap-
940 tive, have been proposed regarding this phenomenon (see
941 Danielmeier & Ullsperger, 2011, for a review); however, the
942 functional role of PES is still largely debated. According to the

943cognitive control account, this kind of posterror adjustment
944would reflect the activation of the performance monitoring
945system, as suggested by the positive correlation between
946PES and the error-related activity in posterior medial frontal
947regions found in functional magnetic resonance imaging
948(fMRI) and electroencephalography (EEG) studies
949(Danielmeier & Ullsperger, 2011), hence indicating the im-
950plementation of cognitive control after an error. Given the
951correlation between PES and activity in performance monitor-
952ing structures, an increased slowing after an error could indi-
953cate a higher recruitment of cognitive control in the elderly
954(Staub et al., 2014c).
955Other accounts propose alternative explanations for the
956PES, as only a few studies have shown an association between
957PES and increased posterror accuracy, but most of the time the
958two variables are not correlated. After an error, decision
959boundaries change (as shown by drift diffusion models;
960Purcell & Kiani, 2016; Ullsperger & Danielmeier, 2016) and
961early posterror adjustments might reflect a general orienting
962reflex related to the infrequency of the events, rather than
963increased cognitive control (Notebaert et al., 2009). Further,
964according to Smallwood et al. (2004), PES may reflect a type
965of task-related mind-wandering, also called task-related inter-
966ference (TRI). When an error is detected, the participant initi-
967ates a type of reactive process that may include self-evaluation
968of performance. Since older adults are typically more interest-
969ed and motivated when performing a task than younger adults,
970they may be more likely to engage in these task-related
971thoughts after realizing they made an error, which could ex-
972plain their disproportionate posterror slowing on the SART
973(Jackson & Balota, 2012). This hypothesis is not necessarily
974in contrast with the idea of a greater engagement of cognitive
975control processes in older adults, since these evaluative
976thoughts can be seen as the expression of higher attentiveness
977to the task, aimed at adjusting subsequent performance (Staub
978et al., 2013).
979Similar to the interpretations provided for the slowing in
980the go trials, another explanation of the increase in PES might
981be related to a further indicator of the enhanced cautiousness
982in aging (Dutilh et al., 2012; Fortenbaugh et al., 2015).

983SART characteristics and age-related changes

984A previous review on aging and sustained attention (Staub
985et al., 2013) suggested that the inconsistency in the sustained
986attention literature may arise from the heterogeneity of
987methods applied to measure it, and the present meta-analysis
988provides support to this perspective.
989For this reason, we have included studies with a SART-like
990paradigm (Robertson et al., 1997), excluding all those that
991used a fixed, predictable sequence and frequent no-go stimuli.
992In our meta-analysis, we found that, in SART and SART-like
993paradigms (high-frequency go trials), older adults may
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994 overcome their younger counterparts at least for accuracy to
995 no-go stimuli, while in previous reports on traditional format-
996 ted tasks (TFTs; low-frequency go trials) an opposite pattern
997 was found (Staub et al., 2013). According to Staub and col-
998 leagues, this is because sustained attention is the result of the
999 interaction between top-down and bottom-up processes,
1000 which could be both differentially affected by aging and in-
1001 volved by the two types of tasks. The performance on SART
1002 and SART-like paradigms may dependmore on self-sustained
1003 attention and top-down/controlled processing, since it requires
1004 to overcome a habitual response that has become automatic,
1005 while TFTs may rely more upon bottom-up processes. Hence,
1006 the controlled strategy exhibited by older adults, also promot-
1007 ed by a higher degree of interest and motivation, could explain
1008 their better performance on this type of task. On the other
1009 hand, the age-related decline in bottom-up attentional and
1010 sensory processes (Lee et al., 2018; Lindenberger & Baltes,
1011 1994) could explain the worse performance by older adults on
1012 TFTs. An ERP study (Staub et al., 2015) demonstrated that
1013 also on a TFT, older adults tend to exert higher cognitive
1014 control than younger adults. Therefore, another hypothesis is
1015 that maintaining this strategy over the task could have oppo-
1016 site effects based on the task type, being too effortful and thus
1017 detrimental on TFTs and effective on SART and SART-like
1018 paradigms (Staub et al., 2015).
1019 Importantly, it should be noted that, in order to be included
1020 in the meta-analysis, the studies had to satisfy some inclusion
1021 criteria such as using a SART paradigm with a lower percent-
1022 age of no-go than go trials, being tested in healthy younger
1023 and older adults, and providing enough rigorous statistical
1024 information to be included in the meta-analysis. After the
1025 screening, 12 studies were considered suitable for the meta-
1026 analysis and, of those, 10 studies showed consistent evidence
1027 in one direction (i.e., longer RTs and increased accuracy in
1028 older adults compared with younger adults, in no-go trials).
1029 Thus, it is noteworthy that some of the studies that found
1030 opposite or mixed findings in the literature could have been
1031 left out from the meta-analysis because they did not meet the
1032 inclusion criteria.

1033 Future directions

1034 The findings of the present meta-analysis suggest many
1035 developments for future aging-related research on the
1036 SART. An interesting direction would be to explicitly
1037 manipulate speed–accuracy trade-off and motivation
1038 (e.g., by providing feedback/rewards during the task or
1039 manipulated task instructions), to test the hypothesis of a
1040 crucial role of these aspects when considering age differ-
1041 ences in performance on the SART. Future studies should
1042 also control for individual differences in speed–accuracy
1043 trade-off by computing a skill index that accounts for both
1044 accuracy and RTs (e.g., Saucedo Marquez et al., 2013;

1045Seli, 2016), in order to obtain a purer measure of partic-
1046ipant’s efficiency on the SART and to assess whether this
1047composite measure actually changes with age.
1048Moreover, since we found an insufficient number of stud-
1049ies that investigated changes of sustained attention over time
1050in aging, there was not enough evidence to perform a meta-
1051analysis; hence, more future studies should investigate wheth-
1052er and how sustained attention changes over time and whether
1053older adults show a more consistent level of performance dur-
1054ing the task than younger adults do (e.g., by dividing the task
1055into blocks or by single-trial analysis).
1056A promising future avenue could also be to investigate age-
1057related differences in neurophysiological correlates of the
1058SART. Previous EEG studies on younger adults found that
1059adaptation after attention lapses (related to PES) is associated
1060with decreased posterior alpha and increased frontal theta ac-
1061tivity (van Driel et al., 2012). Future studies could unveil
1062whether older adults show similar EEG patterns during PES,
1063possibly reflecting the recruitment of additional brain net-
1064works with respect to younger adults.
1065Finally, research on aging and SART could be further ex-
1066panded for clinical purposes. Recent trends in clinical neuro-
1067psychology showed the great potential of computerized test-
1068ing to detect subtle impairments and rehabilitate neurological
1069conditions (Bogdanova et al., 2016; Kueider et al., 2012). The
1070SART, and its consistent age-related pattern, could be
1071exploited to identify individuals with vigilance failures, and
1072performance on the SART could be a potential marker of
1073cognitive decline (Fortenbaugh et al., 2017). This could be
1074further developed by combining behavioral performance with
1075EEG indices (such as P3; Porcaro et al., 2019), to exploit
1076multimodal biomarkers of cognitive decline.

1077Limitations

1078There are some limitations to consider in this meta-analytical
1079study. First, the relatively low number of included studies
1080prevented us from analyzing other variables which could have
1081given a broader view of sustained attention in aging. Indeed,
1082due to paucity of studies, it was impossible to investigate the
1083second question of this study: the change of attentional perfor-
1084mance over time. This limitation also affected the PES analysis,
1085since only five studies were considered. We also have to note
1086that, in the PES analysis, the data used to compute the effect
1087sizes are drawn not from a simple contrast analysis, but from an
1088interaction effect (i.e., Age × No-Go Response Type). This less
1089direct index requires more caution when interpreting the results
1090related to the increased PES in older adults.
1091Another important limitation was the high heterogeneity of
1092the included studies, which limits the strength of the results,
1093particularly in the analysis of no-go accuracy. Many factors
1094could have contributed to this heterogeneity, including the age
1095range of the included participants that considerably differed
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1096 across studies (particularly for older adults), or the character-
1097 istics of the task. Not less important to consider is the result of
1098 the quality assessment: using a modified version of NOS
1099 scale, the majority of studies was rated as of “fair quality”
1100 (i.e., with a total score of 5 or 6), and only two were ranked
1101 as “good quality” studies (i.e., with a score of 7 or more).
1102 Higher quality studies are desirable in the future.

1103 Conclusions

1104 The present meta-analytical study expands the knowledge
1105 on the age-related differences in the domain of sustained
1106 attention, and supports the idea that cognitive aging is a
1107 complex, multifaceted phenomenon, not unequivocally
1108 associated with decline. Indeed, in accordance with our
1109 hypothesis, older adults show good performance on the
1110 SART, with increased accuracy on no-go trials (despite
1111 longer RTs) compared with younger adults. These results
1112 could be explained by a different use of attentional re-
1113 sources by older adults with respect to younger ones: on
1114 the one hand, older adults may adopt a controlled, top-
1115 down response strategy that trades speed for accuracy.
1116 Further, they might show good performance for other rea-
1117 sons that are not necessarily mutually exclusive (e.g.,
1118 higher motivation, reduced mind-wandering, greater fear
1119 of evaluation), but that could also require greater cogni-
1120 tive effort. On the other hand, younger adults may rely
1121 upon a more automatic responding mode, with higher
1122 speed but also a higher likelihood of commission errors.
1123 This meta-analysis provides a systematic and quantitative
1124 overview of sustained attention abilities in aging. Further, our
1125 work identifies the need to investigate age differences over
1126 time more in depth, also considering individual aspects (e.g.,
1127 mind-wondering, motivation, fatigue) as factors which may
1128 play a key role in task performance. Given the importance of
1129 sustained attention for general cognitive functioning in life,
1130 this quantitative analysis highlights solid results as well as
1131 points that need further testing, providing a basis for future
1132 directions in aging research.
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