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Abstract Since antiquity, philosophers, theologians, and(Awh et al., Psychol Sci 18(7):622D628)07). These re-
scientists have been interested in human memory. Howsults suggest that the ability to inhibit irrelevant informa-
ever, researchers today are still working to understand thigon within and between trials is enhanced wugback
capabilities, boundaries, and architecture. While the stortraining allowing for selective improvement on untrained
age capabilities of long-term memory are seemingly untasks. Additionally, we highlight a potential limitation of
limited (Bahrick, J Exp Psychol 113:1D2984), working the standard adaptive training procedure and propose a
memory, or the ability to maintain and manipulate infor- modiped design to ensure variability in the training
mation held in memory, seems to have stringent capacitgnvironment.

limits (e.g., Cowan, Behav Brain Sci 24:87D18%01).

Individual differences, however, do exist and these differ-

ences can often predict performance on a wide variety ofntroduction

tasks (cf. Engle What is working-memory capacity?

297D314200]). Recently, researchers have promoted theThe idea that minimal practice with simple cognitive tasks
enticing possibility that simple behavioral training can can lead to performance improvements on a wide variety of
expand the limits of working memory which indeed may untrained skills is enticing. In fact, popular culture has
also lead to improvements on other cognitive processes asnbraced this possibility and there are now several com-
well (cf. Morrison and Chein, Psychol Bull Rev 18:46D60mercially available OObrain trainingd0 programs promising to
2011). However, initial investigations across a wide variety improve cognition (viz. Owen, Hampshire, Grahn, Stenton,
of cognitive functions have produced mixed results re-Dajani & Burns,201Q Shipstead, Redick & Engl€010.
garding the transferability of training-related improve- However, despite the enthusiasm surrounding cognitive
ments. Across two experiments, the present researdhnaining, evidence for the efbcacy of such programs is in-
focuses on the benebt of working memory training on vi-consistent (Owen et al201Q Melby-Lerveg & Hulme,
sual short-term memory capacityNa cognitive process tha?013 Morrison & Chein,2012). While several studies have
has received little attention in the training literature. Dataprovided support for training-related improvements on a
reveal training-related improvement of global measurewariety of untrained tasks (e.g., Chein & Morris®201Q

of visual short-term memory as well as of measures ofsreen & Bavelier2003 2006 Jaeggi, Buschkuehl, Jonides
the independent sub-processes that contribute to capacig Perrig, 2008 Jaeggi, Studer-Luethi, Buschkuehl, Su,
Jonides & Perrig20108, other studies have reported no
such improvements on similar and even identical untrained
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training because WM appears to be a central component tilneir now seminal study, Jaeggi et &20089 demonstrated
critical real-world abilities such as Ruid intelligence (Gf; improvement on measures of Gf following dualback
e.g., Engle, Kane & Tuholski1l999 Kane, Hambrick, training compared to a control group that did not receive
Tuholski, Wilhelm, Payne & Engle2004), mind wander- practice [i.e., no-contact control (NCC) group]. While
ing (Kane, Brown, McVay, Silvia, Myin-Germeys & training-related Gf improvements has been replicated (e.g.,
Kwapil, 20073, and controlled attention (e.g., Conway, Colom, Quiroga, Shih, Martinez, Burgaleta & Martinez-
Cowan & Bunting,200%, Kane & Engle,2003 Unsworth,  Molina, 201Q Jaeggi et al.2010h Klingberg, Forssberg &
Schrock & Engle2004) to name a few. Thus, the potential Westerberg2002 Olesen, Westerberg & Klingberg004
benebt of enhancing WM capacity has seemingly limitlesdVesterberg & Klingberg2007), several additional studies
real-world applications. have failed to Pnd such improvements (e.g., Chein &
Although most studies estimate that mean WM capacityMorrison, 201Q Dahlin, Neely, Larsson, Backman & Ny-
is approximately four items (c.f., Cowa2001), consid- berg, 2008a Owen et al.,201Q Redick et al.,2012.
erable individual differences are reported in the literatureSimilarly, several studies have reported training-related
and these differences are often predictive of performancamprovements on complex span measures of WM (e.g.,
on a wide variety of tasks (cf. Englep01). For example, Chein & Morrison, 201Q Dahlin et al., 20083 Dabhlin,
individual differences in WM capacity predict performance Nyberg, Backman & Neely2008h Li, Schmiedek, Hux-
on attentional control (AC) tasks such as the Stroop taskold, Rocke, Smith & Lindenberger2008 Lilienthal,
(Kane & Engle,2003, the Ranker task (Heitz & Engle, Tamez, Shelton, Myerson, & Hal&013, while others
2007, the antisaccade task (e.g., Unsworth et 2004, (and in some cases those same studies) report no signibcant
and dichotic listening tasks (Conway et &0Q01). Addi- improvement (e.g., Jaeggi et akP08 Li et al., 2008
tionally, individual differences in WM capacity predict Lilienthal et al.,2013 Owens, Koster & Deraksha013
participantsO ability to select task-relevant stimuli (VogelRedick et al.,2012 Schmiedek, l-uden & Lindenberger,
McCollough & Machizawa, 2005, avoid attentional cap- 2010. The infRuence of training on AC is less controversial
ture from irrelevant stimuli (Fukuda & VogeR009, and  with most studies reporting successful transfer (e.g., Chein
recover from failures to ignore irrelevant stimuli (Fukuda & Morrison, 201Q Klingberg et al.,2002 Olesen et al.,
& Vogel, 2011). Research also suggests that individuals2004 Westerberg & Klingberg2007) with only two ex-
with low WM capacity show a higher proclivity toward ceptions (Owen et al.201Q Dahlin et al. 20083. For
mind wandering (Kane, Brown, McVay, Silvia, Myin- consistency with the literature, and to help weigh in on the
Germeys & Kwapil,20073 and that WM capacity predicts more controversial reported Pndings, the current study in-
performance on higher-level reasoning tasks such as testtuides measures of Gf, WM, and AC.
of Gf (Kane, Conway, Miura & Col3esi20070 as well as While reports of the efbcacy of WM training to transfer
Scholastic Aptitude Test (SAT) performance (Turner & tasks of Gf, WM, and AC are widespread, the main goal of the
Engle,1989. This list documents only a small sample of present experiments is to specibcally address WM training
the vast variety of tasks for which individual differences in transfer efbcacy to visual short-term memory (VSTM) per-
WM capacity can predict performance. Thus, it is no surformance; an under-investigated area in the brain training
prise that researchers are interested in developing methotiterature. In this study, visual short-term memory was
to improve WM capacity which may then lead to im- assessed usingthe change detection task (e.g., Awh, Barton &
provements in other cognitive skills. Vogel, 2007 and the short-term recall task (e.g., Zhang &
Cognitive training, therefore, should have two goalsLuck, 2008, standard cognitive measures of VSTM function
(Willis, Tennstedt, Marsiske, Ball, Elias & Koepk2006): infrequently included in cognitive training batteries. The
to improve performance on the training task itself; and tobenebt of enhanced VSTM has many applications and could
improve performance on untrained tasks and everydabe particularly advantageous for air trafbc controllers, system
functioning. While the cognitive training literature managers, machine operators, warbghters, or any employ-
unequivocally reports improvement on the trained tasksgentrequiring the detection of visual patterns and monitoring
improvement on untrained transfer tasks is less reliable anchanges in visual displays. Finally, while extensive practice
intermittently reported in the literature (see Morrison & on various VSTM tasks can lead to performance improve-
Chein, 2011, for a review). ment (Gaspar, Neider, Simons, McCarley & Krani&d13
While the WM training literature is quickly growing, an Olesen et al.2004 Zimmer, Popp, Reith & Krick2012),
exhaustive review is impractical in the current text (for athere have been very few investigations the benebt of cog-
recent review see Melby-Lefga& Hulme, 2013 Morrison  nitive training transfer on VSTM.
& Chein, 2011, Shipstead et al.2010. BrieRy, however, To the best of our knowledge there have been three
the inBuence of WM training on several cognitive pro-studies to date investigating the effects of multi-session
cesses has been extensively investigated. For example, éognitive training (namely WM and AC training) on
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VSTM transfer tasks, and these three studies report dis- In the experiments presented here, variants of the
parate conclusions (Owens et &Q13 Arend & Zimmer, single n-back task were used during training (for a
2012 Kundu, Sutterer, Emrich & Postl@013. Arend and comparison with duah-back training see Jaeggi et al.,
Zimmer (2012 trained participants on a multiple object 2010). The n-back task is a complicated working
tracking task for 10 sessions. While participants improvednemory task that engages multiple component processes.
across training sessions, no training-related improvements the standard version of the task, participants must
were observed on a change detection transfer task sugionitor a continuous string of stimuli and respond when a
gesting that AC training does not improve VSTM perfor- given stimulus matches the stimulus that appearédals
mance. Two studies, however, that do report signipcanpreviously. In depth analyses of the requisite component
improvements on VSTM tasks following WM training. In processes revealed that successfback task perfor-
an EEG experiment, Owens et a&20(L3 trained dysphoric mance requires monitoring, maintaining, and updating of
patients on either an adaptive dualback task (Jaeggi memory representations, selection and interference
et al.,2008 or a dual 1-back task for eight sessions. VSTMresolution among multiple stimuli, as well as inhibitory
performance was assessed before and after training oncantrol of irrelevant information/stimuli (Jaeggi et al.,
change detection task (Vogel et &2005. Behavioral and 20103 Jonides, Schumacher, Smith, Lauber, Awh, Mi-
EEG data reveal both training specibc gain in VSTM ca-noshima & Koeppel997. As such, using the-back task
pacity and improved Pltering efbciency of irrelevant in-as a cognitive training tool constitutes OOcore training®O
formation following training. This study provides evidence targeting domain-general cognitive processes shared by
of successful transfer of WM training to a VSTM task in amany other tasks (Morrison & Cheir2011). Successful
patient population. Kundu et al2013 show similar results VSTM performance relies on many of the same cognitive
in a non-patient population. Following approximately processes. Participants must monitor and maintain infor-
24 days of duah-back training, VSTM capacity increased mation across a delay, and they must inhibit remembered
compared to a control group who played Tetris for 24 daysdisplays from previous trials as well as irrelevant stimuli
Additionally, EEG data show a reduction in VSTM-related on the current trial; in fact, Pltering irrelevant information
neural activity following training suggesting more efpcientis essential for successful VSTM task performance
information processing. (Owens et al.2013 Vogel et al.,2005. Because there is
Thus, while both Owens et al2013 and Kundu et al. considerable overlap betweemback and VSTM task
(2013 report general increased VSTM capacity following component properties, improvement following-back
WM training, it has been suggested that VSTM may not be draining that transfers to VSTM performance would be
unitary construct and investigating the contribution of WM considered near transfer (Barnett & Ce20)02 Shipstead
training to unique subcomponents may help explain whyet al., 2010.
some studies succeed and others fail to show training-re-
lated improvement. Awh et al2007) have proposed a two-
factor model of VSTM capacity suggesting that VSTM Experiment 1
capacity depends critically on two independent subpro-
cesses. According to this model, VSTM relies both on theExperiment 1 investigated the inBuence of WM training on
number of items held in memory and the resolution or disthe measures of VSTM number and VSTM resolution in-
criminability with which those items are stored. Addition- dependently. Participants were trained on both a verbal and
ally, VSTM number and resolution are separable processespatial version of an adaptive singbeback task; single-
(e.g., Awh et al.2007 Fukuda, Vogel, Mayr & Awh201Q back tasks have previously proven an effective cognitive
Scolari, Vogel & Awh,2008 both of which contribute to training tool (e.g., Jaeggi et al2010h. Training perfor-
overall VSTM capacity. As independent and separablenance was evaluated across eight 1-h sessions over ap-
processes, it is possible that the number and resolutioproximately 2D4 weeks for a total of 5,760 training trials.
would be differentially inBuenced by a cognitive training While the number of training trials varies greatly across
regimen. Furthermore, data suggest that these processes asperiments, successful transfer has previously been shown
relatively stable and neither number nor resolution measuresith as few as 2,625 training trials (Jaeggi, Buschkuehl,
can be enhanced with motivation, either instructional orJonides & Shah2011). VSTM was tested before and after
monetary (Zhang & Luck2011). The effect of cognitive training using a particular variant of the change detection
training on number and resolution, however, has not beetask designed to dissociate number and resolution subpro-
evaluated. By dissociating these two subprocesses, we capsses (Awh et al.2007). For consistency with the lit-
determine whether training has an effect on improving theerature, participants were also assessed on a pre- and post-
number of items held in memory, the discriminability be- training battery including measures of WM, Gf, and
tween those items held in memory, or both. attentional control (AC).
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Method reported the to-be-remembered letters in order. This task
has been previously described in detail (Unsworth, Heitz,
Participants Schrock & Engle2005. There were a total of 15 trials (3

trials per string length; max scoee 75).
Fifty-three participants (ages 18D30; 23 women) with The automated symmetry span task is a complex span
normal to corrected-to-normal vision from the Georgiatask designed to measure spatial WM capacity. This task is
Institute of Technology completed this experiment. All conceptually identical to the automated operation span task
participants were paid $10/h as compensation with a@xcept that participants must remember 2D5 spatial loca-
monetary bonus (up to $10) based on training performanceions (4 x 4 matrix with one cell blled in red; 650 ms) and

make intervening symmetry judgments (i.e., Is the pre-
Cognitive assessments sented geometric feature symmetric about vertical axis?).

There were a total of 12 trials (3 trials at each string length;
Each participant completed a battery of computerized taskmax score= 42).
both on the brst and last sessions of the experiment. All General RBuid intelligence measure: the RavenOs ad-
tests were presented using a Dell Dimensions PC compute&anced progressive matrices (RAPM) task is a measure of
and 249CRT monitor using Eprime (Schneider, EschmanGf. On each trial, participants were presented with a test set
& Zuccolotto, 2009, Presentation software (Version composed of 8 bgures arranged in & 3 matrix with the
16.1, www.neurobs.comp and NTI Armory software bottom right cell missing. Participants were asked to de-
(OODonnell, Moise & Schmid005. This battery was termine which of the eight possible Pgures best bt into that
designed to assess participantsO spatial and verbal WHjssing cell. Participants were given 10 min to complete
VSTM, Gf, and AC abilities. up to 18 problems (odd trials vs. even trials counterbal-

Visual short-term memory measures: a change deteanced across participants). This version of RAPM has
tion task was used to measure VSTM. On each trial, greviously been used by Jaeggi et 008 and Redick
centrally presented arrow (100 ms) cued participants tet al. 012.
one side of the display. After a short delay (100 ms), a Attentional control measures: two AC tasks from the
memory set was presented containing 2, 4, 6, 8, or 10ITI Armory battery of cognitive tests were used to
items distributed evenly across the left and right of themeasure focused attention abilities. The NTI Armory was
display (100 ms). Participants needed to direct their atdeveloped to test cognitive skills involved in real-world
tention to the items on the cued side of the display andnilitary missions and are used regularly in the training of
ignore or inhibit those on the uncued side. After a briefU.S. Airmen (OODonnell et aR005. In the motion in-
delay (900 ms), two probes were presented and remainadrference task, on each trial, a white arc with a large tick
on the screen until the participant made a response. Thmark was presented on a black background. A circle
participantsO task was to decide whether the probe on thgpeared and began to move along the arc at a constant
cued side of the screen was the same or different from therajectory before disappearing. Four letters then appeared
item that appeared at that same location in the memorpelow the arc and participants had to determine whether
set. The stimulus set included two different vertically or not a vowel was present. Next participants were asked
oriented rectangles and two different horizontally orientedto stop the now-invisible-circle as close to the tick mark
ovals (described in detail by Fukuda et a2010 ran- as possible based on its previous trajectory. Deviation
domly selected on each trial. VSTM number was meascores (distance between the tick mark and where the
sured using accuracy on between-category trials (e.gcircle was stopped) were acquired. There were a total of
change from a rectangle to an oval) and VSTM resolutior60 trials.
was assessed using accuracy on within-category (e.g., In the rapid decision-making task, on each trial, par-
change from one oval to another oval) as described byicipants were presented with three concentric circles each
Awh et al. 007. A change occurred on 50 % of the representing a different level of threat (i.e., center circle
trials. There were a total of 60 trials. was the most threatening and outermost circle the least
Working memory measures: two automated WM taskshreatening). Also on each trial, three shapes (X, O, and ?)

were included in the battery, operation span and symmetrwere presented inside the circles. These shapes were also
span. The automated operation span task is a complex spassigned a level of threat (i.e., X was the most threatening
tasked designed to evaluate verbal WM capacity. On eachnd O the least threatening). The task was to determine
trial, participants were asked to remember a string of 3DWhich shape presented the greatest threat as quickly as
letters presented one at a time (1,000 ms) with interveningossible depending on both the identity of the shape and its
math problems. Participants solved the math problem antbcation within the circles. Reaction times (RT) were col-
remembered the letters. At the end of the trial, participant¢ected. There were a total of 60 trials.
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Training tasks achieved for each session. Index of effect size is reported
using partial eta-squared. The assumption of sphericity was

Half of the participants completed eight sessions of adapviolated for both the main effect of Sessigr\( 0.001) and

tive n-back training (Fig.l). During each session, par- the Interactionf = 0.025), thus degrees of freedom were

ticipants completed 18 blocks of a verbal and 18 blocks otorrected using the HuynhbFeldt adjustment. The main

a spatial version of this task. For both versions of the taskeffect of Session was signibcarf(4.6,120.2)= 28.53,

on each trial participants were presented with &« 5  p\ 0.001,g§ = 0.52, with performance improving across

matrix outlined in white on a black background. A capital the 8 training sessions (Fig). Neither the main effect of

letter (consonants only) then appeared inside one of th€ask, F(1,26)= 1.64, p = 0.212, gﬁ = 0.06, nor the

cells (500 ms). The participant then pushed a button (1 or Mteraction, F(6.7,174.8)= 0.262, p = 0.964, g,% = 0.01,

key on the keyboard) to indicate whether the current stiwas signibcant indicating that improvement was similar

mulus matched the stimulus that appearettials previ- for both the verbal and spatial versions of the adaptive

ously (2,500 ms). In the verbal version of the task,n-back task.

participants indicated whether the identity of the letter was

identical to the identity of the letter that appeanedrials  Cognitive assessments

previously and ignored information about the spatial lo-

cation of those letters. In the spatial version of the taskPerformance improvements on the cognitive battery tasks

participants indicated whether the location of the currentvere assessed with a Time [battery session 1(BS1) vs.

letter matched the location of the letter that appearedattery session 2(BS2)} Group (Training vs. Control)

n trials previously and ignored information about the repeated measures ANVOA on the mean performance on

identity of that letter. The task was adaptive on a block-by-each task. Signibcant Time Group interactions (just

block basis. If a participant achieved 95 % or better on a&dQlInteractionO0 below) indicate training-related performance

given block,n was increased by one on the next block.improvement. The dependent measures varied among the

Alternatively if participants achieved less than 75 % on avarious tasks and are indicated below. One primary

given block,n was reduced by one. Otherwisgemained ANOVA was conducted to evaluate whether training im-

the same. Each block consisted of 20n trials and only  proved performance on the change detection task and this

the last 20 trials were included when calculating blockbnding was then decomposed into identical ANOVAs for

accuracy. Each session begamat 1. both number and resolution subprocesses. A secondary
family of ANOVAs was conducted to evaluate the effect of

Results training on each WM, Gf, and AC tasks and these com-
parisons were not Bonferroni corrected. The necessity of

Training task multiple comparison correction in the cognitive training

literature is contentious. Although multiple comparison
Training task improvement was evaluated with a Taskcorrections have been largely ignored in the literature
(verbal vs. spatial)x Session (1D8) repeated measuregChein & Morrison, 2010 Dahlin et al., 20083 Jaeggi
analysis of variance (ANOVA; Fig2) on the meam-back et al.,2008 Li et al., 2008, this practice has been criticized

2-Back Task
press: 2 Verbal Example
v press: 2
l press: 2
Q press: 2
I press: 1
press: 2 v l press:2
press: 2
press: 1 R Q
press: 2 M
press: 2
Spatial Example press: 2

Fig. 1 Verbal top) and spatiallfotton) versions of the singla-back task used during training. This is an example of a 2-back condikivaws
indicate where a target occurred thus necessitating a 1-key push response
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| Spatial N-Back 95+ Between-Category Change
il i =@ Training
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’¢ I:raininlg
Fig. 2 Averaged group performance on the verbal and spatial 01_/ ontro
versions of then-back task. Participants showed improvement across
the 8 training session&tandard error barsare shown Time1l Time 2

and studies are beginning to use statistical correction asF'9: 3 Training-related performance improvement on the change
detection task separated by type of change that occurred. Between-

means to protect against type | error (e.g., Lilienthal et al. cz1eq0ry change trials indicate performance improvements in the
2013 Redick et al.,2012. However, with one primary number of items held in visual working memory and within-category
analysis and a family of secondary analyses and an e)change_trials ind_icate performance improvements in the resolution
periment designed specibcally to test these comparisons (\ll)v::]S\;vPeIC:ht:v(\)/ﬁe items are storeflercent correcandstandard error

in the current study), it has been suggested that multiple

comparison correction may not be appropriate or necessary

(Motulsky, 2010. We, therefore, do not report Bonferroni-

corrected signibcance values here (however, for the intessignipcance F(1,49) = 3.64, p = 0.062, gg = 0.07. The
ested reader, none of the signibcant effects survived suachithin-category ANOVA revealed a signiPcant main effect

correction in Experiment 1). Index of effect size is reportedof Time, F(1,49)= 10.14, p = 0.003, gf, =0.17, and

using partial eta-squared. signibcant Interaction, F(1,49)= 4.85, p = 0.032,
gﬁ = 0.09. The main effect of Group was not signibcant,
Primary battery task F(1,49)= 0.58,p = 0.451,g§ = 0.01.

These data demonstrate that global change detection
Visual short-term memory task: for the change detectiorperformance improved after training. When number and
task, the dependent variable of interest was accuracy. Twesolution components were considered separately, there
participants were removed from the analysis (one fromwas some evidence that the training-related improvement
each group due to technical failures during the Pnal batteryas larger for within-category changes (i.e., measure of
session). The main effect of TimeF(1,49)= 8.49, resolution); however, between-category trials showed a
p= 0.005,g§ = 0.15, was signibcant. The main effect of similar trend. In fact, when the training-related improve-
Group, F(1,49)= 0.40, p = 0.529, gf, = 0.01, was not ment for within- and between-category trials was directly
signibcant. The Interactionf-(1,49)= 4.28, p = 0.044, assessed with a Time Group x Change Type (within-
gﬁ = 0.08, was signibcant. This interaction suggeststhat vs. between-category) ANOVA, the 3-way interaction was
back training improved change detection performancenot signibcant,F(1,49)= 0.371, p = 0.545, g,% = 0.01,
(replicating Kundu et al.2013 Owens et al.2013. suggesting similar improvement for number and resolution.

Improved change detection following training was fur-

ther evaluated by separating out the between-category (i.eAdditional battery tasks
number) and within-category (i.e., resolution) components
consistent with the two-factor model of VSTM (Awh et al., Additional battery tasks investigating the effect of WM
2007. The inBuence oh-back training on each of these training on two WM tasks, two AC tasks, and one Gf task
processes was assessed separately. The between-categueye included for consistency with the existing literature.
ANOVA (Fig. 3) revealed that neither the main effect of Details are outlined below; however, these data indicate
Group, F(1,49)= 0.18, p = 0.677, gf, = 0.004, nor the that cognitive training improvement did not transfer to of
Interaction, F(1,49)= 1.93, p = 0.172, g,% = 0.04, was these tasks with the exception of the automated operation
signibcant. The main effect of Time approachedspan task.
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Working memory tasks: for the automated operationonly participants who both stopped the circle and responded
span task, the dependent variable of interest was the tot& the vowel task were included in the analyses. Conse-
score (max. 75). Four participants (two from each groupquently, 5 and 10 participants were removed from the
were removed from the analysis because they made great€raining and Control groups, respectively. The ANOVA
than 15 % errors on the math task. The ANOVA revealed aagain revealed a signipcant main effect of Time,
signibcant main effect of Time,F(1,48)= 10.52, F(1,36)=9.13,p= 0.00S,gﬁ = 0.20, but neither the main
p = 0.002, g,% = 0.18 and a signibcant Interaction, effectof GroupF(1,36)= 0.08,p = 0.782,g§ = 0.002, nor
F(1,48)= 6.28,p = 0.016,g5 = 0.12, The main effect of the InteractionF(1,36)= 2.79,p = 0.104,g3 = 0.07, was
Group, F(1,48)= 2.47, p = 0.122, gﬁ = 0.05, was sig- signibcant. Raw difference scores (BS1BS2) are listed in
nibcant. For the automated symmetry span task, the d&able 1. In this experimentp-back training did not improve
pendent variable of interest was again the total score (maxeal-world military relevant measures of AC.

42). Two participants (one from each group) were removed

from the analysis because they made greater than 15 ®iscussion

errors on the symmetry judgment task. The ANOVA again

revealed a signipcant main effect of Time, The present data add to a growing body of literature sug-
F(1,49)= 17.08, p\ 0.001, gﬁ = 0.26, but neither the gesting that cognitive training may improve performance
main effect of Group, F(1,49)= 2.16, p = 0.148, on untrained cognitive tasks; however, the benebt of
gS = 0.04, nor the Interactiorf;(1,49) = 0.63,p = 0.432, training is likely process specibc (Dahlin et &0083a b;

gﬁ = 0.01, was signibcant. Raw difference scoresMelby-Lerveg & Hulme, 2013. The present data are
(BS1— BS2) are listed in Tabld. In this experiment, consistent with the Owens et aRq13 and Kundu et al.
n-back training did not improve WM. (2013 studies showing that training improves performance

Fluid intelligence task: for the RAPM task, the depen-on a VSTM task. Our data, however, go beyond previous
dent variable of interest was the total score (max. 18). Thavork to demonstrate that cognitive training may improve
ANOVA indicated that neither the main effect of Time, number and resolution subprocesses that contribute to
F(1,51)=1.03,p = 0.315,g§ = 0.02, nor the Interaction, VSTM performance. While only the training effect on
F(1,51)= 0.54, p = 0.467, gg = 0.01, was signibcant. VSTM resolution was signibcant, visual inspection of the
The main effect of GroupF(1,51)= 4.50, p = 0.039, VSTM number data hint at a trend in the same direction.
gﬁ = 0.08, was signibcant with the training group scoringThe number comparison had less power (observed pow-
higher than the NCC group. Raw difference scoresr = 0.28) than the resolution comparison (observed
(BS1— BS2) are listed in Tabld. In this experimentpn-  power= 0.58), and therefore further research with larger
back training did not improve Gf. sample sizes and more power is necessary to tease apart

Attentional control tasks: performance on the rapid decithis difference if it exists. Thus, these data do not provide
sion-making task was measured via RT. The ANOVA re-debnitive support for subprocess-specibc training im-
vealed a signibcant main effect of both Tinfg1,51)=  provement. With the exception of the automated operation
36.86,p\ 0.00l,gS: 0.42, and Groupk(1,51)= 17.48, span task, performance on no other tasks showed sig-
p\ 0.001, gf,: 0.26. The Interaction,F(1,51)= 0.60, nibcant improvement following training. Overall, these
p= 0.442,9,2) = 0.01, was not signibcant. Performance ondata suggest that-back training may lead to very specibc
the motion interference task was measured via deviatiocognitive performance improvements and that improve-
score (i.e., root mean square) for stopping the circle. Thenents may not be as far reaching as previously suggested
motion interference task proved difbcult for participants, ande.g., Jaeggi et al2008 Jaeggi et al.20108b.

Table 1 Difference scores for

‘ Battery session 2Bbbattery session 1; difference score
battery session 1 and battery

session 2 Control Group Training group

Automated operation span 1.1 (13.60) 10.9 (14.2)
Automated symmetry span 3.9 (8.3) 6.9 (10.1)
General Buid intelligence

RavenOs advanced progressive matrices 0.69 (3.2) 0.11 (2.5)
Attentional control

Motion interferenc@ 0.13 (0.15) 0.04 (0.19)

Rapid decision-makirfy 300.7 (429.7) 233.2 (156.3)

& Reverse scoring
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There are four major limitations of this experiment. the next block. When participants perform poorly, the
First, the comparison group in this study was a NCC groupdifbculty of the subsequent block is reduced. However,
It has been argued that a NCC group may not be the mosthen participants perform moderately well (typically
valid comparison group due to differences in motivation,between 75 and 95 % accurate), task difbPculty remains
expectations, and/or demand characteristics (Shipsteambnstant. This performance-based difbculty adjustment
et al.,2010. Second, WM training included both a verbal is designed to create variability on storage demands in
and spatial variant of tha-back task so improvement can the training environment which may be essential for
only be attributed to this combination and not to eithersuccessful skill transf (cf. Schmidt & Bjork, 1992.
verbal or spatial training more specibcally. Third, VSTM Experiment 1 used this design; however, we noticed
and Gf were all assessed using a single task. Whilsome unexpected and intenegf trends in these data. In
changing scores on single tests may be interesting, theur data set, it was very aamon for participants to
ultimate goal of brain training should be to alter generalplateau at a certain level of difbculty and remain at that
cognitive abilities (Shipstead et al201Q Morrison & level for several consecutive blocks. Thus, when par-
Chein,201]). Using multiple measures of a given processticipants consistently performed moderately well, task
reduces the inBuence of any task-specibc bPndings leadirfifbculty remained stagnant and storage-demand vari-
to a more robust measure of cognitive ability (Redick et al. ability substantially de@ased. In fact, on 59.1 % of
2012. These three limitations were addressed in Ex4raining sessions, task difblty remained constant for
periment 2. Finally, while we report signibcant transfer togreater than bve consecutive blocks (more than one
VSTM in general and VSTM resolution specibcally, non-quarter of the session) and on 21.9 % of training ses-
signibcant trends in the data suggest the necessity for ions, task difbculty remained constant for half of the
more powerful training design. Therefore, specibcsession (3 consecutive blocks). Thus the essential task
modiPcations were made to the training task itself to provariability may, in fact, be minimized in the standard
mote better learning across training sessions and perhapslaptive design, at least in this experiment. As aggre-
more improvement on the transfer tasks. gate data across session are typically reported in the

cognitive training literature, it is impossible to deter-

mine whether our data are unique; however, we suspect
Experiment 2 that this pattern is not unual. Experiment 2 was, thus,

designed to avoid performance plateaus and promote
Given recent enthusiasm surrounding cognitive trainingstorage-demand variabilitas intended by the standard
and the spike in the number of publications on the topicadaptive design.
(viz. Morrison & Chein, 2011, Melby-Lervég & Hulme, Training task requirements were varied in Experiment 2
2013 Redick et al.,2012, it is easy to forget that this is by incorporating a forced-adaptive version of théack
not, in fact, a new area of research. Psychologists haviasks to ensure that difbculty remained variable across each
been interested in understanding learning and training fotraining session. In this forced-adaptive design, task difp-
over a century (Ebbinghau4885/1913. Specibc recom- culty was obligatorily increased when participants spent
mendations regarding feedback, duration, and organizatiomore than bve consecutive blocks at the same level of
for optimized training designs have been outlined in detaildifbculty. If participants were less than 75 % accurate on
in the skill learning literature (e.g., Adam$987 Bartlett, this block, the data were not included when calculating
1947 Dempster,1988 Kerr & Booth, 1978 Pashler, highest level of performance and task difbculty returned to
Rohrer, Cepeda & Carpent&07 Rogers,1996 Schmidt the previous level on the subsequent block. Such forced
& Bjork, 1992 Schneider & Chen2003 Shea & Morgan, variability should enhance retention (Schmidt & Bjork,
1979. 1992 and encourage transfer (Schneider et 2002.

One recommendation fromhis literature is that the In Experiment 2, we further investigated the effect of
adaptive training is essential for the success of cognieognitive training on VSTM generally and its component
tive training regimens (e.g., Jaeggi et @008 Jaeggi parts (i.e., number and resolution) using multiple VSTM
et al., 2010h Klingberg et al.,2002 Lilienthal et al., tasks. Additionally, this experiment sought to ameliorate
2013 Brehmer, Westerberg & B&kman,2012 Chein & the limitations of Experiment 1 by (1) including multiple
Morrison, 2010 Schneiders, Opitz, Krick & Meck- measures for each WM and Gf, and including more tradi-
linger, 2011, Schneiders, Opitz, Tang, Deng, Xie & Li, tional psychological measures of AC, (2) by including a
2012. In these adaptive designs, task difbculty is de-contact control comparison group and larger sample size,
termined by task performance. When participants perand (3) by using a forced-adaptive design to optimize
form well in a given block, task difbculty increases on training.

1=



Psychological Research

Method cued side of the screen was the same or different from the
item that appeared at that same location in the memory set
Participants and indicate their decision with a button push. The stimulus

set was identical to that used in Experiment 1 and Fukuda
Sixty-nine nade volunteers (ages 18D32; 31 women) wereet al. 010. Again between-category and within-category
recruited from the Georgia Institute of Technology com-trials were used to differentiate between VSTM number
munity for this experiment. For their participation, par- and resolution (Awh et al.2007 Fukuda et al.,2010.
ticipants received either pay ($10/h) or course creditParticipants completed 20 practice trials (5 within catego-
(1 credit/n) in partial fulbllment of a course requirementry, 5 between category, and 10 no change) followed by
with a monetary bonus (up to $10) based on traininghree experimental blocks each with 48 trials (12 within

performance. category, 12 between category, and 24 no change). At the
end of each block, participants were shown both their mean
Groups speed and accuracy on that block. This is a measure of

VSTM capacity.
Participants were randomly assigned to three groups: a On each trial of the short-term recall task (Zhang &
NCC group, a verbal training (VT) group, and a spatialLuck, 2008 six capital letters (A, B, C, D, E, F, or G)
training (ST) group. All participants completed a test bat-appeared at random locations around a Pxation point
tery session on the Prst and last days of participation(100 ms). After a delay (900 ms), a gray wheel (same di-
Battery tasks are outlined below. In addition, both the VTmensions as the color wheel from the color version of the
and ST groups completed the eight intervening trainingexperiment) appeared and one of the previously presented
sessions. Training sessions included 40D60 min of thietters appeared in the center. Participants used the mouse
adaptive verbah-back and adaptive spatia-back task, to click on the gray wheel indicating at which location that

respectively (described in detail below). letter had previously appeared. Again, participants com-
pleted bve practice trials followed by four experimental

Cognitive assessments blocks with 60 trials each. This too is a measure of VSTM
capacity.

As in Experiment 1, a battery of computerized tasks was Working memory measures: automated operation span
administered during the Prst and the last experimentaénd automated symmetry span tasks were identical to Ex-
sessions. All tests were presented using a Dell Dimensiorngeriment 1.
PC computer and 2ACRT monitor using Eprime (Sch- General Ruid intelligence measures: RAPM task was
neider et al.,2002 or MATLAB. The battery tasks in- identical to Experiment 1.
cluded two tests of VSTM (change detection and short- In the CCF task, participants completed four subtasks
term recall tasks), two tests of WM (automated operatior(series completion, odd elements, matrix completion, and
span and automated symmetry span tasks), two tests of @bt task; Cattell,1949. In the series completion task (7
[i.e., RAPM and CattellOs Culture Fair (CCF) tasks], angrroblems per session), participants saw three simple line
two tests of AC (Banker and antisaccade tasks). drawings that together created a pattern. Participants had to
Visual short-term memory measures: the Change Dedecide which of six possible similar pictures best com-
tection task was modibed from that used in Experiment 1pletes the pattern. In the odd elements task (7 problems per
In Experiment 1, 30 % of the participants were more tharsession), participants saw pve simple line drawings and had
90 % accurate during BS1. The Change Detection tasko determine which two drawings did not belong with the
was, therefore, modibPed in Experiment 2 to increase theest. In the matrix completion task (7 problems per ses-
difbculty and allow greater opportunity for post-training sion), participants were presented with either & 2 or
improvement (timing based on Awh et aRp07 stimuli 3 x 3 matrix. One of the cells was empty and participants
from Fukuda et al.2010. In this experiment, on each trial, had to decide which of four possible alternatives best bt
a centrally presented arrow (200 ms) cued participants tinto the empty cell. Occasionally the matrices were par-
one side of the display. After a short delay (200 ms), atially obscured by OOcut outsOO or missing information. In the
memory set was presented containing 2, 4, 6, 8, 12, or 16ot task (6 problems per session), participants were pre-
items distributed evenly across the left and right of thesented with a simple line drawing with a dot present.
display (500 ms). Again, participants had to focus on thoséarticipants had to then determine in which of the bve
shapes presented on the cued side of the screen and igngressible alternative drawings (without dots) would allow
those on the uncued side. After a brief delay (1,000 ms)for a dot to be placed in a comparable position to the
two probes were presented (test display: 2,000 ms). Theample drawing. Participants completed odd numbered
participantsO task was to decide whether the probe on theoblems during one session and even numbered problems
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during the other session (order was counterbalanced acro$saining tasks
participants) for a total of 27 problems per session. This is
also a measure of Gf. The VT group completed eight sessions of the forced-
Attentional control measures: in the antisaccade taskdaptive verbah-back task (Fig4). This is a continuous
(Unsworth et al.,2004), each trial began with a blank performance tasks in which participants must monitor a
screen (400 ms) followed by a three asterisk Pxation (20Gstring of centrally presented letters. Throughout the ex-
600, 1,000, 1,400, and 1,800 ms) and another blank screqreriment the outline of a white square was centrally pre-
(10 ms). Next a cue appeared (equal sign; two blinks wittsented on a black background. On each trial, a capital letter
100 ms on and 50 ms off) either on the left or the right ofprinted in white appeared inside the square. After 500 ms,
the display. A target letter (B, P, or R) appeared briel3ythe letter disappeared and participants had 2,500 ms to
(100 ms) on the opposite side of the display and was immake a response before the next trial began. On each trial,
mediately masked with an H (50 ms) followed by an 8, participants were asked to decide if the letter presented on
which remained on the screen until the participant rethe current trial matched the letter that appearettials
sponded. Participants completed 60 practice trials in whiclago. This task was adaptive in that the difbculty level
cues and targets were all centrally presented with feedbaakhanged based on participant performance. If a participant
on each trial. Participants also practiced 10 trials of theachieved 95 % or better on a given block, the level of
experimental task with feedback on each trial. Finally,n was increased by one on the next block. Alternatively if
participants completed 60 experimental trials with blockparticipants achieved less than 75 % on a given block, the
feedback at the end; 30 with a left cue and 30 with a righlevel of n was reduced by one. Otherwise, the level of
cue. The three target letters as well as the bve bxation remained the same. Also, given the importance of vari-
durations were evenly distributed across trials. This is aability in the training environment (cf. Schmidt & Bjork,
measure of AC. 1992, if the participant completed bve blocks in a row at
In the Ranker task (Eriksen & Erikseri, 974, par- the same level oh, thenn increased by one on the fol-
ticipants were presented with a centrally presented bxatiolowing block. This forced-adaptive block was only in-
dot (200 ms) followed by bve arrows (e.d.[[[[; cluded in the analysis if participants were able to perform
100 ms). Participants were asked to determine whether theithin the 7595 % accuracy range. Each block was
central arrow was facing the right or left and respond with acomprised of 20+ n trials and only the last 20 trials were
button push. Half of the trials were congruentscored (because the brattrials were necessarily OOno
(e.9,[[[[[) and half of the trials were incongruent match®O trials). There were 30 blocks per training session
(e.g., g\ [[ ). There were an equal number of left and for a total of 4,800 scored trials across 8 days of training.
right responses. Five delays separating each trial werAccuracy and RT feedback was provided at the end of each
evenly distributed across trials (200, 600, 1,000, 1,400, antlock and participants were verbally encouraged by the
1,800 ms). There were a total of 16 practice trials withexperimenter every 4D5 blocks.
feedback on each trial and 120 experimental trials with The ST group completed eight sessions of the forced-
block feedback at the end. This is also a measure of AC.adaptive spatialn-back task (Fig4). This task was

2-Back Task
Spatial Example Verbal Example
u | | | |
[R]
. [
press: 2 :. press: 2 [E
press: 2 press: 2
press: 1 press: 1

Fig. 4 Spatial (eft) and verbal (ight) versions of the single-back task used during training. This is an example of a 2-back condAivows
indicate where a target occurred thus necessitating a 1-key push response
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conceptually identical to the forced-adaptive verbdlack  Training tasks

task, except that the stimuli were spatial locations instead

of letters. On each trial, a & 5 grid (white on a black As in Experiment 1, the effect of training on the training
background) was presented and one of the cells were bllddsk itself was evaluated with a Training Session
in red. After 500 ms, the Plled cell disappeared and par{1B8)x Group (VT, ST, NCC) repeated measures
ticipants had 2,500 ms to make a response before the neANOVA on the maximum difbculty achieved (i.e., max

trial began. On each trial, participants were asked to deen each training day (Figpa). The assumption of spheri-
cide if the spatial location indicated on the current trialcity was violated for the main effect of Session
matches the spatial location that appearedrials ago. (p\ 0.001), thus degrees of freedom were corrected using
Again, this task was adaptive in that the difbculty levelthe HuynhbFeldt adjustment. The main effect of Session
changed based on participant performance. The adaptiwgas  signibcant, F(3.8,162.1)= 62.33, p\ 0.001,
schedule was identical to that used in the forced-adaptivgﬁ = 0.60, with performance improving across the 8
verbal n-back task. Each block was comprised oftraining sessions. The main effect of Group was also sig-
20 + n trials, and again only the last 20 trials were scorednibcant, F(1,42) = 6.01, p = 0.018, gf, = 0.13, with the
There were 30 blocks per training session for a total ofVT group achieving an overall higher level othan the ST
4,800 scored trials across 8 days of training. Accuracy androup. Finally, the Interaction approached signibcance,
RT feedback was provided at the end of each block andf(3.9,162.1)= 2.22, p = 0.072, gﬁ = 0.05, with a trend
participants were verbally encouraged by the experimentetoward the VT group showing larger improvement over the
every 4Db5 blocks. course of training compared to the ST group.

For both training groups, during the brst training When only the overall gain across training was consid-
session, participants were given extensive task instrucered (i.e., maximum level afi on training session 8 minus
tions and completed three practice blocks (1-backmaximum level ofn on training session 1), a two-tailed
2-back, and 3-back) which were identical to the ex-independent samplagest revealed a signibcant difference
perimental blocks except that a tone sounded when ahetween the groupst(42) = 2.56, p = 0.015 (Fig.5b).
error was made. As in Experiment 1, each training sesThese data suggest that overall, the VT group showed

sion began an = 1. greater improvement from training session 1 to training
session 8 (mar increased from 4.8 to 9.5) compared to the
Procedure ST group (maxn increased from 4.5 to 7.8), though both

groups showed a benebpt of training.
During the brst session, each participant completed all
battery tasks over the course of approximately 2.5 h. Th&€ognitive assessments
order of tasks was randomized across participants. Par-
ticipants in the two training groups came back to theTo assess the efpcacy of cognitive training on untrained
laboratory for eight additional training sessions (40D60 minmeasures of VSTM, WM, AC, and Gf, performance scores
each). All participants completed their Pnal sessiorextracted separately for BS1 and BS2. Scores were then
14DP33 days after their brst session (matched groups). Thésibmitted to multiple Time (BS1 vs. BS2) Group (NCC
Pnal session was identical to the brst session except that the. ST vs. VT) repeated measures ANOVAs; one fore each
order of battery tasks was again randomized acrostask. As in Experiment 1, the primary analyses were

participants. designed to evaluate VSTM performance and a family of
secondary analyses was performed to assess training-related
Results improvement on WM, AC, and Gf task performance. As in

Experiment 1, interaction results were not corrected for

Two participants (one from the NCC group and one frommultiple comparisons given that primary and secondary
the ST group) failed to complete the all of the requiredfamilies of ANOVAs were planned (Motulsky2010),*
sessions and were removed from the analysis. One addirdex of effect size is reported using partial eta-squared.
tional participant from the NCC group was removed from As in Experiment 1, to further investigate the underlying
the analysis because she failed to comply with instrucprocesses of VSTM, number and resolution measures were
tions on three (automated operation span, automatealssessed separately. To assess VSTM number, between-
symmetry span, and short-term recall) of the eight battery
tasks and performed greater than two standard deviationsFurthermore, to preview the results of Experiment 2, if our
below the mean during BS1 on four (Banker, CCF’conclusmn_s are C(_)rrect and_ |t_|s_ _|mpr0\_/e_d a_ttentlonal con_trol (and

. . more specibcally, improved inhibition) driving improvement in many
RAPM, and change detection) of the remaining Pve batyf our transfer measures, then these tests are not independent and
tery tasks. Bonferroni correction is not appropriate (McDona08§.
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Fig. 5 aAveraged group performance asthndard error baron the adaptive-back task for both the verbal and spatial training groups across
training sessionsh Training gain from session 1 to session 8 for the verbal and spatial training grétgsslard error barsare shown

category accuracy scores were extracted from the change Number vs. resolution: to independently evaluate the
detection task (Awh et al.2007) and Pmem (the prob- inf3uence of brain training on VSTM number and resolution
ability that the cued item exists in memory; measure ofsubprocesses, the change detection data were reanalyzed.
number of items held in VSTM) measures were extractedNumber and resolution measures were also computed from
from the short-term recall task (Zhang & LuclR00§  short-term recall task performance. Both the change de-
2009. To assess VSTM resolution, within-category accu-tection and short-term recall tasks are used frequently in
racy scores were extracted from the change detection tadke literature to assess VSTM.

(Awh et al., 2007 and SD (width of the von Mises dis- First, we consider measures of VSTM number. In the
tribution; measure of resolution of items held in VSTM) change detection task, training-related improvements were
measures were extracted from the short-term recall taskvaluated using a Time Group repeated measures

(Zzhang & Luck,2008 2009. ANOVA on between-category change trial accuracy
(Fig. 6). Both the main effect of Timef(1,62) = 12.25,
Primary battery tasks p = 0.001, gf, = 0.17, and the InteractionfF(2,62)=

10.18,p\ 0.001, gf, = 0.25, were signipcant. The main
Visual short-term memory tasks: while the change deteceffect of Group approached signibcané&€2,62) = 2.99,
tion task provides a measure of overall VSTM performance = 0.058,g§ = 0.09. Post hoc evaluation of the efpcacy
in addition to measures of number and resolution, the shorif training revealed a signibcant difference between the VT
term recall task only provides independent number and
resolution measures; thus, overall VSTM is only evaluated
with the change detection data. In the change detectio Change Detection Task
task, the dependent variable of interest was accuracy. Or 100 (Number)
participant (NCC group) performed greater than three
standard deviations below the mean during the brst batte!
session and was removed from the analysis. Data wel
submitted to a Time x Group repeated measures ANOVA
The main effect of GroupF(2,62)= 1.77, p = 0.179,
gﬁ = 0.05, was not signibcant; however, both the main

Percent Correct
o]
o
L

effect of Time, F(1,62)= 11.01, p = 0.002, g2 = 0.15, i Ried

and the Interactionf(2,62) = 6.69,p = 0.002,g2 = 0.18, | P

were signibcant. Post hoc evaluation revealed a signibca 0 l( it : :
difference between the ST and NCC grou§gl) = 3.18, 1 2

p = 0.003, and the VT and NCC, (48 2.56,p = 0.014. Battery Session

The difference between the VT and ST group@?2) = i o )

—0.75,p = 0.461, was not signibcant. These data SuggesF'g' 6_Tra|n|ng-related performance improvement on the change
L detection task measure of VSTM number. Averaged percent correct

that both ST and VT training improved performance on thesor petween-category trials arstandard error barsre shown at BS1

change detection task. and BS2
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and NCC groupst(41) = 3.02,p = 0.002, and the ST and F(1.9,39.1)= 11.90, p\ 0.001, gﬁ = 0.36, were sig-
NCC groups,t(41) = 3.84,p\ 0.001. There was no dif- nibcant and the Interaction, F(2.0,41.4)= 2.29,
ference between the VT and ST group@?2) = —1.27, p= 0.115,gf, = 0.1, was not signibcant. For the ST group
p = 0.210. These data indicate that VSTM number im-(Fig. 7b), the main effect of Time,F(1,21)= 21.86,
proved following both verbal and spatialback trainingin ~ p\ 0.001, gﬁ = 0.51, the main effect of Set Size,
the change detection task. F(1.9,40)= 11.20,p\ 0.001,g§ = 0.35, and the Interac-
The specibc number of items a person is capable dion, F(2.9,61.2)= 4.57,p = 0.006,g§ = 0.18, were all
holding in VSTM can also be investigated by calculatingsignibcant. Finally, for the NCC group (Figc), the main
capacity estimates at every set size. Thus, CowanOs dffect of Set Size, F(2.2,44.3)= 4.46, p = 0.014,
(K = [set sizex (hit rate+ correct rejection rate- 1)]; gﬁ = 0.182, was signibcant, but neither the main effect of
Cowan,200]) was calculated at each set size for both BS1Time, F(1,20) = 0.28,p = 0.603,g§ = 0.01, nor the In-
and BS2. Separate Time (BS1 vs. BS2)Set Size (1, 2, 3, teraction,F(2.2,43.1)= 0.38, p = 0.698, gﬁ = 0.12, was
4, 6, and 8) repeated measures ANOVAs were conductesignibcant. Together, these data mirror the overall accuracy
for each of the three groups. For the VT group (Fg), measures suggesting training-related improvement on
the main effect of Time,F(1,21)=6.42, p=0.019, VSTM number following spatial and verbah-back
gS =0.23, and the main effect of Set Size, training.
For the short-term recall task, training efpcacy on
VSTM number was assessed by submitting Pmem scores to

(@) Verbal Training Group a Time x Group repeated measures ANOVA (F&p).
¥ 4 q.@Bs1 Neither the main effect of Time, F(1,61)= 0.76,
£ p=0.388, g2=001, the main effect of Group,
,E F(2,61)= 2.60,p = 0.082,g§ = 0.08, nor the Interaction,
o F(2,61)= 0.87, p = 0.422, gS = 0.03, was signibcant
Z suggesting no effect of-back training. Similar results
§ were obtained when capacity estimates were calculated
3o ' 7 T T T T ' J (Zhang & Luck,2008 2011) and submitted by a Time x
i 2 3 4 5 6 7 8 Group repeated measures ANOVA. Again, neither the
Set Size main effect of Time, F(1,61)= 0.75, p = 0.389,

gﬁ = 0.01, the main effect of GroupF(2,61)= 2.60,
p= 0.083,g,§ = 0.08, nor the Interactiorf;(2,61) = 0.87,
4 4@ BS1 p= 0.422,g§ = 0.03, was signibcant. These data indicate

_—
(=
~—

Spatial Training Group

=~
% 3 | ~®Bs2 that the number of items held in VSTM as measured on the
.g short-term recall task did not signibcantly change with
g 24 training.
2
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Fig. 8 Training-related performance improvement on the short-term
Fig. 7 Visual short-term memory capacity estimates atdndard recall task measure of VSTM number. Averaged Pmem parameters
error barsat BS1 and BS2 for tha verbal training groupb spatial ~ representing the probability that a probed item was present in the
training group andt no-contact control group memory set andtandard error barsare shown at BS1 and BS2
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Next, we consider measures of VSTM resolution. In theANOVA on SD measures (note that a smaller SD measure
change detection task, training-related improvements oindicates better performance; Figb). Both the main effect
resolution were evaluated using a TimeGroup ANOVA  of Time, F(1,61)= 4.39, p = 0.040, gf, = 0.07, and the
on within-category change trial accuracy (F#a). The Interaction, F(2,61)= 6.31, p = 0.003, gg = 0.17, were
main effect of Time, F(1,62)= 13.47, p = 0.001, signibcant. The main effect of Groug;(2,61)= 1.31,
gﬁ = 0.18, the main effect of GroupF(2,62)= 3.70, p = 0.277, gg = 0.04, was not signibcant. Post hoc
p= 0.030,93 = 0.11, and the Interactio(2,62) = 7.05, evaluation revealed a signibcant difference between the VT
p= 0.002,g§ = 0.18, were all signibcant. Again, post hoc and ST groups}(40) = 3.20, p = 0.004, as well as be-
evaluation of the efpcacy of training revealed a signipcantween the VT and NCC group$40) = 3.29,p = 0.001.
difference between the VT and NCC group@l) = 2.68, The difference between ST and NCC groups was not sig-
p = 0.006, and the ST and NCC groups, (41)3.08, nibcant,t(40) = 0.40,p = 0.346. These data indicate that
p = 0.002, but no signibcant difference between the VTboth the ST and NCC groups showed similar improvement
and ST groupg(41) = —0.47,p = 0.642. Thus, these data from BS1 to BS2 and the VT group performed worse on
indicate that both verbal and spatialback training im- BS2 compared to BS1. These data suggest that in the short-
proved performance on resolution measures in the changerm recall task, resolution did not improved following
detection task. n-back training.

In the short-term recall task, training-related improve-
ments on resolution were tested using a Timéroup  Additional battery tasks

Additional battery tasks investigating the effect of WM

(@) Change Detection Task training on WM, AC, and Gf were included for consistency
100 - (Resolution) with the existing literature. These constituted the secondary
- 22 family of analyses. Training-related transfer was not evi-
§ gg : dent for any of the tasks assessed. Raw difference scores
S 80 - (BS1-BS2) are listed in Tabl2.
2 75 / Working memory tasks: for both the automated op-
Y 70 - eration span and automated symmetry span tasks, training-
E 65 | g \T related performance improvement was measured by com-
60 | ..o ST paring the total score of correct items from BS1 to the total
{/ NCC score of correct trials from BS2. Two participants were
0 1 T 5 ' removed from the automated operation span task (one from

the NCC group and one from the ST group) because they
achieved less than 85 % accuracy on the math tasks (which
was a task requirement). The Time Group ANOVA re-

Battery Session

(b) Short-Term Recall Task vealed that neither the main effect of Time,
;: ] (Resolution) F(1,61)= 1.44,p = 0.235,g5 = 0.02, nor the main effect
71 of Group, F(2,61)= 2.72, p = 0.074,g3 = 0.08, nor the
19 - Interaction, F(2,61)= 1.93, p = 0.155, g,z) = 0.06, was
a 17 - ® - signibcant. For the automated symmetry span task, the
n 15 St TP Time x Group ANOVA revealed a signibcant main effect
13 of Time, F(1,63)= 7.90,p = 0.00?,gﬁ = 0.11; but nei-
11 = \T ther the main effect of Groupg;(2,63) = 2.34,p = 0.105,
-3 [ g5 = 0.07, nor the Interactiorf;(2,63) = 2.33,p = 0.105,
7;{ NCC g,% = 0.07, was signibcant. Therefore, as in Experiment 1,

' " v 5 ' n-back training improvement did not transfer to either of
‘ our WM measures.
Battery Session L . .
General Ruid intelligence tasks: training-related perfor-
Fig. 9 Training-related performance improvement archange de- Mance improvement oBf was measured by comparing the
tection andb short-term recall task measures of VSTM resolution. Fortotal number of correct items from BS1 to the total number
the change detection task, averaged percent correct for withingf correct items from BS2 for both the RAPM task and the

category trials andtandard error barsare shown at BS1 and BS2. .
For the short-term recall task, averaged SD parameter representing tI%CF task. For RAPM, the ANOVA revealed that neither

resolution of the representations held in memory atahdard error ~ the main effect of Time,F(1,63)= 0.08, p = 0.776,
barsare shown at BS1 and BS2 gg = 0.001, the main effect of Groupk(2,63)= 0.09,
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Table 2 Difference scores for

‘ Battery session 2bbattery session 1; difference score
battery session 1 and battery

session 2 Control group Spatial training group Verbal training
group
Working memory
Automated operation span —2.4 (15.8) 5.1 (11.8) 3.1 (10.7)
Automated symmetry span 1.0 (11.6) 2.3 (7.5) 6.6 (8.4)
General Buid intelligence
RavenOs advanced progressive matrices-0.36 (2.1) —0.23 (2.5) 0.91 (3.1)
CattellOs culture fair —0.23 (4.0) 0.82 (2.8) —0.18 (2.4)
Attentional control
Flankef 2.5(25.3) 14.0 (21.9) 24.0 (35.0)
Antisaccad@ 43.8 (325.6) 200.6 (167.5) 161.7 (163.2)

& Reverse scoring

p = 0.917, g5 = 0.003, nor the InteractionF(2,63)=  Discussion
1.68,p = 0.195,g§ = 0.05, was signibcant. Similarly, for
the CCF neither the main effect of Timg(1,63)= 0.26, Three main conclusions can be drawn from these data.
p = 0.615, g,2)= 0.004, the main effect of Group, First, adaptiven-back training can be effective in im-
F(2,63)= 1.85,p = 0.165,gf, = 0.06, nor the Interaction, proving performance on some, but not all, untrained tasks
F(2,63)= 0.65,p = 0.528,g,§ = 0.02, was signibcant. As (e.g., VSTM); furthermore, transfer appears to only occur
in Experiment 1, in this experiment, Gf did not improve when the processes that improved during training are also
following WM training. required for the transfer tasks (e.g., Dahlin et 20083 b;
Attentional control tasks: training-related performanceMelby-Lervég & Hulme, 2013. Second, WM training is an
improvement on AC processes was evaluated by compagffective means of improving performance on the change
ing BS1 performance to BS2 performance on both theletection task; and training inBuences both number and
Banker task and the antisaccade task. For the Ranker tasksolution processes. To the best of our knowledge, this is
pve participants were removed from the analysis (one fronthe Prst study demonstrating signibPcant improvement on a
the VT group, two from the ST group, and two from the measure of VSTM number and resolution following WM
NCC group) because performance (either accuracy or RTyaining. Interestingly, training did not have a similar
deviated greater than 2 standard deviations from the medsenebpcial effect on VSTM as measured via the short-term
on BS1. RTs on congruent trials were subtracted from RTsecall task. This suggests that compared to the short-term
on incongruent trials to obtain a difference score reprefecall task, the change detection task may be a more sen-
senting the amount of interference between the two consitive measure of number and resolution processes and
ditions; this served as the dependent variable. Theheir interaction with cognitive training. Finally, ensuring
Time x Group ANOVA revealed that the main effect of variability on storage demands during training does, in fact,
Time, F(1,58)= 13.93,p\ 0.001, gﬁ = 0.19. The main promote a high level of performance across training trials.
effect of Group,F(2,58)= 0.15,p = 0.861,93 = 0.005, This may be important if the amount of improvement
was not signibcant and the Interactiof(2,58)= 3.07, demonstrated during training is related to the amount of
p = 0.054, gf,: 0.10, approached signibcance. For theimprovement on other untrained tasks (seGe@&al
antisaccade task, two participants were removed from thdiscussio®O).
analysis (one from the ST group and one from the NCC
group) because their RTs were greater than two standai@ontact control group
deviations slower than the mean on BS1. RTs for correct
trials were assessed to measure performance. Again, the limitation of Experiment 1 was the lack of contact
ANOVA revealed that the main effect of Time, control group; therefore in Experiment 2, two experimental
F(1,61)= 22.06, p\ 0.001, g,% = 0.27. Again the main groups were designed each to serve as the contact control
effect of Group,F(2,61)= 0.09, p = 0.918, gﬁ = 0.003, group for the other. While selecting highly similar training
was not signibcant and the Interactiof(2,61)= 2.64, tasks is advantageous in that, the tasks are matched on both
p = 0.079, gﬁ = 0.08, approached signibcance. In thistask requirements and difbculty, because the underlying
experiment, there was a near-signibcant trend toward AQrocesses are very similar, the likelihood of identifying
improvement followingn-back training. different training effects between the groups may be
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reduced. In Experiment 2, a spatial and a verbal version a$pecibcally investigating the effect of training on two
the adaptiven-back task were selected with the hypothesissubprocesses of VSTM, namely number and resolution.
that there might be stimulus-specibc benebts of training on Experiments 1 and 2 both showed a signibcant effect of
some of the battery tasks; however, these groups producédhining on the change detection task. Furthermore, in
similar results. Despite this similarity, we do not believe Experiment 2, individual capacity estimates were extracted
that these data can be consistently interpreted as a condeem the change detection task data revealing a signibcant
quence of a Hawthorne effect, demand characteristic, ancrease in capacity following adaptiveback training for
group motivation argument (cf. Shipstead et 2D10. In  the ST and VT groups, but not the NCC group. These data
the present data, there are not universal benebts of trainirigplicate previous Pndings that VSTM capacity can im-
on all tasks measured. It seems unlikely that differences iprove with training (Kundu et al.2013 Owens et al.,
motivation, expectations, or demand characteristics woul@013.
have a differential effect on the various battery of tasks To the best of our knowledge, this is the prst study that
used here. Furthermore, it is perhaps also useful to note thagas directly assessed the inBuence of WM training on the
a recent study with children directly assessing the differindividual subcomponents of VSTM (i.e., number and
ence between active and passive (no-contact) contraksolution). Experiment 1 showed a signibcant effect of
groups, no differences were identibed (Thorell, Lindqvist, WM training improvement on VSTM resolution and a
Nutley & Klingberg, 2009 providing an early indication trend for an effect on VSTM number. Experiment 2 mod-
that NCC groups may provide a reliable comparison groupiPed the training design to promote variable practice and
While we do not intend to undermine the importance thatincreased improvement during training. The Experiment 2
motivation or expectation may play a strong role in trainingchange detection data demonstrated that brain training
studies, we point out that in the current data, there is naignibcantly improved both measures of number and
obvious reason to believe that motivation or expectatiorresolution for both training groups compared to the NCC
works selectively among the battery tasks. group. No training-related improvements were evident for
short-term recall task performance suggesting that while
both the change detection task and visual short-term
General discussion memory task are used to measure VSTM, perhaps the
change detection task provides a more sensitive measure of
The purpose of the present experiments was to evaluate thiaining induced change.
efbcacy of WM training on a variety of cognitive functions  Nevertheless, the change detection resolution Pnding is
with a particular focus on VSTM (a previously under-in- somewhat surprising. Past research suggests that VSTM
vestigated process in the cognitive training literature). Theesolution can be altered, but only when participants have
present data are consistent with two previous studies reexpertise with the stimuli (Curby & Gauthie2p07 Scolari
porting a positive effect of training on VSTM (Kundu et al., 2008. In both experiments, all groups had equal
et al.,2013 Owens et al.2013. The current study extends exposure to the specibc stimuli; therefore, the training
these bndings by evaluating the effect of training ongroups should not have an elevated levels of expertise
number and resolution subprocesses of VSTM. The dateompared to the NCC groups. However, improvement is
provide unique insights into cognitive training and VSTM evident for all training groups in both experiments. A
specibcally as well as add to the growing cognitive trainingoroposed mechanism for improvement is outlined below.
literature to help paint a coherent picture of cognitive

training efbcacy more generally. Other cognitive processes

Transfer of cognitive skill Much of the cognitive training literature has focused on the
impact of cognitive training on cognitive processes such as

Visual short-term memory WM, Gf, and AC with mixed results. For example, several

studies report no effect of training on a variety of measures
Recent cognitive training investigations have reported af WM (Jaeggi et al.2008 Li et al., 2008 Redick et al.,
positive effect of training on VSTM capacity in both 2012 Schmiedek et al.2010, while others report sig-
healthy adults (Kundu et al2013 as well as dysphoric nibcant training-related improvements (Chein & Morrison,
patients (Owens et al2013. In both of these studies, the 2010. Similarly, many studies that assess the effectiveness
change detection task was used to evaluate VSTM. Thef cognitive training on measures of Gf report signibcant
current study sought to extend these Pndings by investpost-training improvement (e.g., Colom et a01Q Jaeggi
gating the role of WM training of VSTM more rigorously et al., 2008 Jaeggi et al.2010h Klingberg et al.,2002
both by including multiple measures of VSTM and by Olesen et al.2004 Rudebeck, Bor, Ormond, OOReilly &
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Lee, 2012 Jauwvec & Jagsvec,2012), while many other were modibed in Experiment 2. Thus, Experiment 2 was
studies fail to show an effect of training (e.g., Chein & unique in the literature in that it had the additional re-
Morrison, 2010 Dahlin et al.,, 2008h Westerberg & quirement that no individual could complete more than bve
Klingberg, 2007 Redick et al.,2012. Our data are most blocks in a row at the same level of difbculty ensuring that
consistent with those experiments that suggestiHadck once the participant reached a plateau, training difPculty
training does not improve untrained WM of Gf measures.would continue to vary. This design was effective in that
One of the most consistent bndings in the cognitiveevery participant showed improvement (and in some cases,
training literature is that cognitive training transfers to large improvements) across the eight training tasks. For the
measures of AC (Chein & Morriso201Q Klingberg etal., VT group, by training session 8, participants were able to
2002 Olesen et al.2004 Westerberg & Klingberg2007  perform at levels oh that were 3D12 (meas 4.7 £+ 2.2)
see Owen et al201Q Dahlin et al.,2008afor exceptions); higher than during session 1. Similarly, for the ST group,
however, in all cases only the Stroop task was used. Oumy training session 8, participants were able to perform at
Experiment 1 is unique in that AC was assessed usintgvels ofn that were 1D8 (meas 3.3 £+ 1.6) higher than
multiple real-world military specibc measures of AC. during session 1. Thus, it appears that the optimized design
Training-related improvements in AC were not evidentindeed facilitated training improvement across eight
using these measures, and more traditional psychologic#laining sessions.
measures of AC were used in Experiment 2. Experiment 2 While neither experiment alone allows for a direct
is unique in that AC was assessed using both the RBankeomparison between the optimized training design and a
task and the antisaccade task. Training-related improvesub-optimal design, comparing the training data across
ment on both the Ranker and antisaccade tasks approachexberiments may be interesting to consider; therefore, we
signibcance. These tasks were selected because of thewnducted Training Session (1D8)Experiment (Ex-
high and shared loadings onto an AC construct (e.g.periment 1 vs. Experiment 2) repeated measures ANOVAs
Unsworth & Spillers,2010. To further investigate the for the verbal task and the spatial task separately (Note: for
impact of cognitive training on AC mechanistically, z-s- this analysis, Experiment 2 data were reanalyzed to only
cores were calculated and composite measures were exclude the brst 18 blocks, as only 18 blocks of each task
tracted for BS1 and BS2. And composite scores weravere performed in Experiment 1). The Interaction was
submitted to a Time (BS1 vs. BS®) Group (NCC vs. ST signibcant for both the verbalF(6.2,291.5)= 5.58,
vs. VT) repeated measures ANOVA. Neither the main efp\ 0.001, gS = 0.11, and spatialF(5.2,244.9)= 2.36,
fect of Time, F(1,56) = 0.05,p = 0.826,95, =0.001, nor p= 0.038,93 = 0.05, tasks (Figl0b). Thus, for both the
the main effect of Group,F(2,56)= 0.08, p = 0.926, spatial and the verbal adaptiveback tasks, participants in
gS = 0.003, was signibcant. The InteractioR(2,56)= Experiment 2 demonstrated greater improvement across
3.86, p = 0.027, g,% = 0.12, was signibcant. Post hoc training than the participants in Experiment 1. While fur-
analysis revealed that the both the VT(39) = 2.33, therresearch is necessary to conbrm this bPnding, these data
p = 0.025, and ST1(36) = 2.31,p = 0.027, groups per- suggest that consistently varying training task difbculty
formed better after training compared to the NCC groupcould promote better learning and performance during
There was no difference between the ST and VT groupsgraining.
t(37) = 0.24,p = 0.811. While further research is neces-
sary to investigate the effects of WM training on these ACWhat is being trained?
tasks specibcally, data add to this growing body of lit-
erature by demonstrating training-related improvement offhe majority of studies in the cognitive training literature

a composite measure of AC. that train with then-back task are categorized as WM
training studies. However, while successful performance
The training task on then-back task surely requires WM storage processes

(e.g., Shipstead et al201Q McElree, 2002, Jaeggi et al.,
Critical evaluation of the training data from Experiment 1 2010a Jonides et al., 1997, there are other cognitive
revealed that while an adaptive training design was used tprocesses engaged and the underlying neural mechanisms
promote task variability, this goal was not optimized due toof WM training are not well understood (Buschkuehl,
stagnant levels of moderate performance. The importancéaeggi & Jonides2012. For example, AC processes are
of variability during training has been highlighted in both also essential for accurate performance onrtfEack task
the skill learning and cognitive training literatures (c.f. (e.g., Jaeggi et al.2008 Shipstead et al.201Q Ver-
Morrison & Chein,2011; Schmidt & Bjork, 1992 and for haeghen, Cerella & Basak004 McElree, 200]). The
this reason, the standard adaptive task requirements (e.gyrrent data suggest that both storage and AC are improved
Jaeggi et al.2008 Jaeggi et al.2010h Redick et al.2012  during training with then-back task. We propose that it is
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Barnett & Ceci,2002. Therefore, in our study, we suggest
that only those tasks that require inhibitory control improve
following training.

(@) 10 ] Verbal N-Back

Explanation of failed transfer

Maximum Level of n
ORRNWARUIONOW

1 —e—=Experiment 2 If this hypothesis holds merit, it foIIow§ thgt performance
|-+ @+« Experiment 1 on the RAPM and CCF tasks, the motion interference and
i 2 3 a4 5 e 7 8 rapiddecision-making tasks, as well as the short-term re-
Training Session call task would not show a benebtmback training given
that in these tasks all of the stimuli are relevant to re-
| Spatial N-Back sponding appropriately. In the RAPM task, to correctly
identify the missing information, an individual must pay
close attention to all of the other stimuli to try to under-
stand what best completes the pattern. Inhibiting any part
of the problem set is not useful because critical information
about the best solution is embedded in all of the related
stimuli. Furthermore, all of the relevant information for a
: : : - - : : . given problem is available simultaneously, so temporal
1 2 3 4 5 6 7 8 distinctions are not necessary. In the CCF task, similarly all
Training Session of the information necessary to solve the problem is pre-
Fig. 10 Maximum level achieved on tha verbal andb spatialn- S?nted concurrently and all .Of the choices m.USt be Cpn-
back tasks for Experiment 1 and Experiment 2 sidered and compared to arrive at the appropriate solution.
These tasks, therefore, rely little if at all on the component
processes that were improved via singibdack training.
improved AC processes that are primarily responsible foFurthermore, in both of these tasks, the stimuli are unique
improvement on the various battery tasks. on each trial so it is unlikely that considerable cross-trial
Attentional control is the process, or set of processednterference occurs.
that allows an individual to select task/situation relevant Similarly, in the rapid decision-making task, participants
stimuli and ignore other stimuli (e.g., Neill, Valdes & must consider all of the information (i.e., both the identity
Terry, 1994. In other words, AC facilitates relevant pro- of the targets and their location in space) to respond ac-
cessing while inhibiting irrelevant processing to ensurecurately. Inhibiting any of the information is unnecessary
optimal performance. Attention can select on certain phy-and, in fact, detrimental to task performance. Additionally,
sical attributes of the stimulus such as color and locatiorthe rule set remains constant across trials so understanding
(e.g., Neill et al.,1994 Broadbent,1958. In the spatial the relational hierarchy on one trial may aid performance
version of the adaptive-back task, individual stimuli are on a subsequent trial. In the motion interference task,
differentiated by their spatial location; however, equally participants must respond to the letter task while keeping
critical is each stimulusO position in time. With practicetrack of the trajectory of an invisible ball. Inhibiting the
during training, the ability to select on time and space isinformation on either task results in inaccurate response.
rebPned. In the verbal version of the adaptivback task, Finally, in the short-term recall tasks, all stimuli in the
spatial location is not relevant; however, again temporamemory set have an equally likely chance of being probed
position is critical for successful performance. Equallyfor retrieval, therefore, the best strategy is to select all
important for performance success on both versions of thavailable stimuli. Thus, improving the ability to inhibit
task is the ability to inhibit previous trial instructions in irrelevant stimuli within a trial is not benebcial to task
favor of current task goals. Thus, learning to inhibit non-performance, and consequently performance would likely
task relevant information both within a trial and betweennot benebt from adaptive-back training.
trials is critical for successful performance on the adaptive
n-back task. In fact, inhibitory control has been identipedExplanation of successful transfer
as the critical mechanism improved during WM training
(Owens et al.2013. Our data support this idea and are Each of the tasks used to measure WM and AC as well as
consistent with the proposition that training-related im-the change detection measure of VSTM share some com-
provements to transfer tasks require mechanistic overlamon features. First, stimuli were consistent across trials
(e.g., Dahlin et al.2008a Melby-Lerveg & Hulme, 2013  and therefore previous trial stimuli likely interfered with

(b) 10

Maximum Level of n
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current trial to some degree creating between-trial interSecond, we propose that VSTM improves because it relies
ference. Participants must inhibit those stimuli that wereon inhibitory mechanisms that are likely enhanced during
present in the previous trial and select only those stimuln-back training. Consequently, other cognitive processes
relevant for the current trial to perform accurately.rf  that require inhibitory control (e.g., AC) also benebt from
back training indeed improves between-trial AC, then wen-back training; those processes that do not rely on inhi-
would predict successful transfer to these tasks. And pembition (e.g., Gf) do not show a benebpt.

haps this is why we saw a hint of successful transfer to
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of some information (i.e., the letter in the automated op-

eration span task and the spatial locations in the automatggaferences
symmetry span task) while inhibiting irrelevant informa-
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