
Vol.:(0123456789)1 3

Psychological Research (2020) 84:1635–1654 
https://doi.org/10.1007/s00426-019-01172-8

ORIGINAL ARTICLE

The role of proactive interference in working memory training 
and transfer

Thomas S. Redick1 · Elizabeth A. Wiemers1 · Randall W. Engle2

Received: 20 August 2018 / Accepted: 25 March 2019 / Published online: 5 April 2019 
© Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract
Recent work on working memory training has produced conflicting results regarding the degree and generality of transfer 
to other cognitive processes. However, few studies have investigated possible mechanisms underlying transfer. The current 
study was designed to test the role of proactive interference in working memory training and transfer. Eighty-six young 
adults participated in a pretest–posttest design, with ten training sessions in between. In the two working memory training 
conditions, subjects performed an operation span task, with one condition requiring recall of letters on every trial (operation-
letters), whereas the other condition alternated between letters, digits, and words as the to-be-remembered items across 
trials (operation-mix). These groups were compared to an active-control group (visual-search). Working memory, verbal 
fluency, and reading comprehension measures were administered in pretest and posttest sessions. All groups significantly 
increased their performance over the ten training sessions. There was evidence of strategy-specific benefits on transfer, 
such that transfer to working memory measures was higher for the operation-letters group on tasks specifically involving 
letters, and no differential transfer to working memory tests without letters, to verbal fluency, or to reading comprehension. 
The results indicate that proactive interference does not appear to play a causal role in determining transfer from working 
memory training, and instead a strategy account based on stimulus content provides a more parsimonious explanation for 
the pattern of training and transfer.

Introduction

Working memory (WM) has several definitions (Cowan, 
2016), but many conceptualize WM as the temporary 
storage and manipulation of information to fulfill current 
information-processing demands. Given WM’s central role 
in numerous aspects of cognition, and the findings that bet-
ter scores on various WM measures are associated with 
superior reasoning, math, language comprehension, atten-
tion, and multitasking abilities, psychologists began testing 
whether increasing an individual’s WM via an intervention 
would lead to concomitant improvements in these related 
outcomes. Early WM training studies had subjects repeat-
edly practice memory span (e.g., Klingberg, Forssberg, & 
Westerberg, 2002) and n-back (e.g., Jaeggi, Buschkuehl, 

Jonides, & Perrig, 2008) tasks for multiple sessions, with 
the goal of improving the trainees’ WM abilities. These stud-
ies concluded that not only had the subjects’ WM levels 
increased after training, but they also argued that the train-
ing had transferred to unpracticed matrix reasoning tests. 
Many subsequent WM training studies have been conducted 
using a similar design—assign subjects to either a training 
or a control group, have the subjects complete multiple ses-
sions of WM tasks across different days, and assess whether 
the training and control groups have differential amounts of 
pretest-to-posttest change on a variety of cognitive, clinical, 
and academic outcomes (Melby-Lervåg, Redick, & Hulme, 
2016). Often, researchers have made a distinction between 
near and far transfer (Barnett & Ceci, 2002). Near transfer 
includes gains on tasks that are similar in content or meth-
odology to the training materials, whereas far transfer would 
be shown via improvements on outcomes that are dissimilar 
to the training procedures. Reviews and meta-analyses differ 
in their conclusion about the efficacy of WM training, with 
some arguing that WM training produces far transfer (e.g., 
Au et al., 2015), and some arguing it does not (e.g., Melby-
Lervåg et al., 2016).
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Many WM training studies use training programs mainly 
because they have been used in previous WM studies—
n-back or memory span tasks are prevalent. Here, we sought 
to understand why WM training might be effective in pro-
ducing particular patterns of near and far transfer. Before 
describing the current study, we briefly review the literature 
arguing for the importance of proactive interference (PI), 
or forgetting caused by prior learning, in linking WM and 
outcomes such as reasoning and reading comprehension.

PI and variation in WM

Individual differences in WM have been interpreted in vari-
ous ways, with some researchers arguing that they reflect 
variation in amount of resources (Engle, Cantor, & Carullo, 
1992), ability to control attention (Kane, Bleckley, Conway, 
& Engle, 2001), and ability to deal with PI (May, Hasher, & 
Kane, 1999). The latter view, that one’s susceptibility to PI 
determines an individual’s WM functioning, is critical for 
the current study.

Lustig, May, and Hasher (2001) tested subjects on ver-
sions of reading span, a complex span task in which sub-
jects alternate between reading a sentence and encoding an 
item for subsequent serial recall (Daneman & Carpenter, 
1980). One between-subjects PI manipulation was a typical 
version of reading span and a modified version that pre-
sented 90s of spatial ability filler tasks (e.g., hidden figures, 
card rotation) between the end of the recall period on one 
trial and the presentation of the subsequent list. The results 
showed that adding the filler breaks between trials acted as 
a means to release the subjects from PI from previous trials, 
and increased reading span scores relative to the condition 
without the breaks (replicating May et al., 1999). Critically, 
not only did the manipulation intended to reduce PI sig-
nificantly increase reading span scores, they also produced 
reduced and nonsignficant correlations with a measure of 
subjects’ ability to recall information from a separate read-
ing task, relative to the reading span conditions in which PI 
was higher. Blalock and McCabe (2011) observed similar 
results with a between-trial filler task (viz., symbol com-
parison) on a nonverbal complex span task—when PI was 
reduced, the correlation with Raven progressive matrices 
was significantly reduced, compared to the version without 
the filler tasks.

Bunting (2006) administered multiple versions of opera-
tion span, which is similar to reading span but instead pre-
sents math operations as the processing task between each 
to-be-remembered item (Turner & Engle, 1989). The stand-
ard version presented math operations and words on every 
trial; two versions created to reduce PI either manipulated 
the to-be-remembered items within a trial (switching from 
words to digits halfway through the list) or after every third 

trial (after three consecutive trials of remembering lists of 
words, switching to three consecutive trials of remembering 
lists of digits, and so on). The conditions were inspired by 
Young and Supa (1941), who showed that such manipula-
tions produced release from PI when the category of to-
be-remembered stimuli changed. Bunting found that opera-
tion span scores were higher, and correlations with Raven 
lower, in the conditions with varying memoranda compared 
to the standard operation span version with repeated pres-
entation of words as the to-be-remembered stimuli. Emery, 
Hale, and Myerson (2008) replicated Bunting’s results with 
young adults (although not with older adults). To summa-
rize, previous research examining manipulations of PI within 
complex span tasks, and the concomitant effect on the WM 
tasks’ relationship to higher-order cognition, suggests that 
the presence of PI may be a critical factor for WM training 
interventions.

PI and WM training

A few WM training studies have examined the idea that 
improving one’s ability to counteract PI is the critical change 
that would produce far transfer after WM training. Oelhafen 
et al. (2013) tested young adults using dual n-back training 
(Jaeggi et al., 2008), in which subjects decide if the current 
item matches the one presented n items back. In the dual ver-
sion, subjects make decisions about the location of visually 
presented squares and the identity of aurally presented let-
ters. The training task was adaptive, meaning that as subjects 
reached certain levels of accuracy on the visual and auditory 
tasks, the level of n would increase (or decrease). In the 
high-PI version, a large proportion of correct ‘no’ responses, 
in which the current item did not match the one presented 
n back, were lure trials—it had recently been presented but 
not in the n-back position. Thus, during a 3-back block of 
trials, lure trials could show stimuli that had been presented 
on trial n − 2. In the low-PI version, no lure trials were pre-
sented. Previous research has shown that performance on 
n-back tasks with and without lures is quite different (Szma-
lec, Verbruggen, Vandierendonck, & Kemps, 2011), with 
the PI experienced on lure trials important for the relation-
ship between n-back and reasoning (Burgess, Gray, Conway, 
& Braver, 2011; Gray, Chabris, & Braver, 2003). Oelhafen 
et al. predicted subjects completing 14 sessions of n-back 
training with lures would produce greater transfer relative 
to n-back training without lures and a passive-control group. 
They found that subjects in the lure-training group showed 
less n-back training task improvement than the no-lure-train-
ing group, but no differences between the training groups 
in transfer to a non-adaptive dual n-back task. In addition, 
even when compared to a passive-control group, neither 
training group showed transfer to reading span (WM) or the 



1637Psychological Research (2020) 84:1635–1654 

1 3

Bochumer Matrizentest (reasoning). Thus, these results do 
not support the idea that the presence of PI is the critical 
aspect for transfer after n-back training.

Similarly, Hussey et al. (2017) compared three n-back 
training groups that finished 16 training sessions: adaptive 
n-back training with lures (high-PI), adaptive n-back training 
without lures (low-PI), and 3-back training without lures. 
Compared to the low-PI group, the high-PI group produced 
significant transfer to specific conditions of recognition 
memory and verb generation tasks, but no transfer to a color-
Stroop task. Most germane to the current work, the training 
groups did not differ in transfer to comprehension accuracy 
of sentences, although there were significant differences in 
favor of the high-PI group in the online processing of the 
sentences (eyetracking and/or reading time differences).

Two studies (Loosli et al., 2016; Persson & Reuter-Lor-
enz, 2011) administered WM training via a non-adaptive 
n-back task and a recent-probes task.1 PI within the n-back 
was manipulated as described above; PI in the recent-probes 
task was also manipulated, which is described elsewhere 
(Jonides & Nee, 2006). Despite differences in the training 
materials (3-back with words vs. 2-back with images) and 
samples (young vs. older adults), both studies found the 
same pattern of results. When examining the high-PI train-
ing groups, there was no evidence for transfer to the trained 
memory tasks, untrained memory tasks (verb generation, 
paired-associates), or far transfer tasks (Stroop, test of non-
verbal intelligence, digit-symbol substitution test), relative 
to either an active-control group (Persson & Reuter-Lorenz, 
2011) or the low-PI training group (Loosli et al., 2016).

Finally, Bomyea, Stein, and Lang (2015) is particularly 
relevant for the current study. Based on Bunting (2006), 
they randomly assigned women with post-traumatic stress 
disorder to training groups that completed eight sessions of 
a non-adaptive reading span task. In the high-PI condition 
(n = 13), all of the to-be-remembered items were words; in 
the low-PI condition (n = 8), the to-be-remembered items 
alternated between words and digits every three trials (as 
in Bunting, 2006). Bomyea et al. (2015) focused on clini-
cally relevant outcomes, and operation span was the only 
cognitive assessment included in pretest/posttest sessions. 
They reported significantly greater operation span post-
test scores for the high-PI group compared to the low-PI 
group, along with other reductions in various clinical symp-
toms. Although promising, some caution should be noted 
when interpreting Bomyea et al. (2015)—the samples were 
small, only women with post-traumatic stress disorder were 

recruited, there was no control group that did not train on 
WM, the training was non-adaptive, and there was no assess-
ment of cognition other than a verbal complex span task that 
was very similar to training.

Current study

The current work was based on the research discussed above, 
while also adhering to ‘best practices’ advocated in the WM 
training literature (Redick et al., 2015). In all five training 
studies just reviewed, there were a total of 14 training and 
control groups—with the exception of Hussey et al. (2017), 
the sample sizes for each group in the other four studies 
were n ≤ 16. Underpowered studies are common in the WM 
training literature (Bogg & Lasecki, 2015; Melby-Lervåg 
et al., 2016). Therefore, we enrolled more subjects in each 
of our three groups, with a comparable final sample size to 
Hussey et al. (2017). Our training sessions adapted in dif-
ficulty based on the subject’s performance. Also, we used 
an active-control condition from previous studies (Foster 
et al., 2017; Harrison et al., 2013; Redick et al., 2013), in 
an effort to distinguish any possible training effects from 
improvements due to placebo and/or expectancy effects. The 
visual-search control condition was motivated by extensive 
work showing individual differences in WM, as measured 
by complex span tasks, are unrelated to visual-search per-
formance (Kane, Poole, Tuholski, & Engle, 2006). In addi-
tion, by having a separate control group, we can contrast the 
training effects for both the high- and low-PI conditions (in 
contrast to Bomyea et al., 2015; Hussey et al., 2017; Loosli 
et al., 2016).

Finally, we administered numerous verbal and nonver-
bal measures of WM, and two separate far transfer domains 
that might be susceptible to training PI—verbal fluency and 
reading comprehension. Recent research suggests that PI 
manipulations affect performance on change detection WM 
tasks, and their corresponding relationships with complex 
span tasks (Shipstead & Engle, 2013). In addition, as seen in 
the previously discussed WM training studies, the PI present 
on lure trials within n-back tasks is critical to the relation-
ship between n-back performance and higher-order cogni-
tion (Burgess et al., 2011; Gray et al., 2003). Verbal fluency 
and reading comprehension are frequently used as outcome 
measures in WM training (Schwaighofer, Fischer, & Buh-
ner, 2015), and previous work suggests that one’s ability to 
counteract PI may underlie the relationship between WM 
and both verbal fluency (Rosen & Engle, 1997) and reading 
comprehension (Borella, Carretti, & Pelegrina, 2010; see 
also Hussey et al., 2017).

We created training versions of operation span that we 
predicted would have varying amounts of PI. Based on 
Bomyea et al. (2015) and Hussey et al. (2017), and the idea 

1 Persson and Reuter-Lorenz (2008) was retracted due to undetected 
programming issues in the training groups (see Persson & Reuter-
Lorenz, 2011). When correcting the programming problem, Persson 
and Reuter-Lorenz (2011) were unable to replicate the positive trans-
fer results published in their 2008 article.
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that increased resistance to PI is fundamental to far trans-
fer, one prediction is that the high-PI training condition will 
produce more transfer, in particular on fluency and reading 
comprehension. However, we also considered other pos-
sible patterns of transfer results that would be consistent 
with alternative accounts. It is possible that because sub-
jects in the high-PI condition practice repeatedly with the 
same kind of to-be-remembered stimuli (letters), they will 
be more likely than the low-PI condition to develop task- 
and stimulus-specific mnemonic strategies that are beneficial 
for transfer, as long as the outcome measure affords the use 
of the strategy (Dunning & Holmes, 2014; Sprenger et al., 
2013). Thus, a strategy account would predict that what we 
are labeling as the high-PI condition would be expected to 
produce transfer to tasks that are similar methodologically 
and/or use the same type of mnemonic materials (viz., let-
ters), but not produce far transfer to tasks that are dissimilar 
(change detection, fluency, reading comprehension). This 
pattern of results would be consistent with Harrison et al. 
(2013), who observed complex span training benefits on 
other memory span tasks but not to change detection, fluid 
intelligence, or multitasking transfer tasks. Finally, because 
subjects in the low-PI condition train with different kinds 
of to-be-remembered stimuli, they may be less likely to 
develop specific strategies and instead engage in what has 
been labeled ‘core’ (Morrison & Chein, 2011) or ‘process-
based’ (Jolles & Crone, 2012) WM training. The idea is 
that exposure to variability in tasks and memoranda in WM 
training is one critical factor in producing broad transfer. 
This training-variability account would predict that the low-
PI condition would actually produce the most transfer, not 
because the PI is reduced, but because the trainee is exposed 
to a variety of training materials. In particular, the training-
variability account predicts that the low-PI group is most 
likely to lead to improvements on structurally dissimilar 
outcomes (far transfer); notably, this prediction is counter 
to the transfer results seen in Bomyea et al. (2015) and Hus-
sey et al. (2017).

Method

Subjects

Subjects were recruited from Purdue University and the 
surrounding community. Inclusion criteria included: (a) 
age 18–30 years old; (b) normal or corrected-to-normal 
vision; (c) native-English speaker; and (d) availability to 
come to the laboratory for 12 separate sessions within a 
3-week period. Other than attempting to reach n = 30 sub-
jects per group, our criterion for stopping data collection 
was to recruit as many subjects as possible given the amount 
of funding budgeted for subject compensation and the time 

constraints of the summer and fall semester academic cal-
endar (Simmons, Nelson, & Simonsohn, 2011). Ninety-two 
subjects completed at least 1 session, but 6 subjects did not 
complete all 12 sessions. Two subjects quit after the pretest 
session before beginning training, 2 additional subjects quit 
after completing the first training session, another subject 
quit after the eighth training session (a family emergency 
required international travel), and a final subject quit after 
the ninth training session (no reason provided). Therefore, 
complete training and transfer data were available for 86 
subjects, and the demographic information for each group 
is shown in Table 1.2

Transfer tasks

Pretest and posttest tasks were administered in the order 
listed below. Pretest sessions additionally administered 
demographics (age, gender, handedness, native-English) 
before the cognitive battery, and posttest sessions addition-
ally administered a survey about enjoyment, strategies, and 
expectations after the cognitive battery. Dependent variables 
(DVs) from all cognitive tasks are scored such that higher 
values reflect better performance (except fluency repeti-
tions). 3-back, fluency, and reading comprehension tasks 
used alternate versions at pretest and posttest, counterbal-
anced across subjects.

Running span letter

Letters were presented one at a time onscreen for 300 ms 
(200 ms ISI), and subjects were instructed before the pres-
entation of each list that they were to recall in order the last n 
letters upon completion of the list (n = 3–9). There were two 

Table 1  Demographic information for each group

Days to complete study calculated as number of days between pre-
test and posttest session (weekends included although subjects did not 
have option of participating on weekends)

Group Age Gender (M/F) Days to complete 
study (min/max)

Operation-letters 20.53 (1.17) 13/17 18.47 (15/23)
Operation-mix 20.41 (2.41) 12/15 19.33 (17/22)
Visual-search 20.59 (2.43) 11/18 18.62 (15/22)

2 For one subject in the operation-letters group, there was a power 
outage halfway through the subject’s 8th training session. For a sec-
ond subject in the operation-letters group, there was an internet net-
work outage during the subject’s 3rd training session. In order to 
retain these subjects’ data for the training analyses, we used the high-
est level the subjects had obtained during the session to that point. 
Therefore, it would be more accurate to say these subjects completed 
9.5 and 9.75 training sessions, respectively.
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trials at each n, with each set of two trials presenting n + 1, 
or n + 2 letters. At recall, subjects were presented with the 
possible 12 letters, and clicked the order in which the last 
n items were presented. We used a partial-credit scoring 
method, with any letters recalled in the correct serial posi-
tion given 1 point.

Running span matrix

This task was identical to running span letter, with the 
exception that the to-be-remembered stimuli were locations 
of red squares within a 4 × 4 grid.

Change detection color

This task presented 4, 6, or 8 colored squares simultane-
ously for 250 ms, followed by a blank screen for 900 ms, and 
then a display of all of the squares in their same onscreen 
location for an unlimited duration. At test, one square was 
circled, and the subject was to respond ‘yes’/‘no’ with a 
left-/right-mouse click if the circled square was the same/
different color as in the initial display. Other than the circled 
square on non-match trials, all squares at test are presented 
in the same color as the initial display. Subjects completed 1 
practice block of 6 trials with feedback before 2 blocks of 30 
trials without feedback. The DV was k (Cowan et al., 2005).

Change detection orientation

This task is similar in structure to change detection color, 
with the following exceptions. In this task, subjects are pre-
sented with either 5 blue and 7 red, or 7 blue and 5 red, rec-
tangles simultaneously. A cue presented 300 ms before the 
initial rectangle display instructed subjects to remember the 
location and orientation of either the blue or red rectangles. 
At test, one of the blue or red rectangles was cued, and sub-
jects were to indicate whether or not its orientation was the 
same as its initial presentation. Again, k was used as the DV.

3‑back letter

Letters were presented onscreen for 2500 ms, with an 800 ms 
ITI. Subjects responded to each letter using a left click if the 
letter was the same as the letter presented 3 letters back, or 
a right click if not. Stimulus lists were generated such that 
25% of trials were targets (left) and 75% of trials were non-
targets (right). In addition, given previous research showing 
the critical role of lures on n-back tasks in relation to PI 
(Gray et al., 2003), one-third of the nontargets were lures 
(80% were n − 1 lures, 10% were n − 2 lures, 10% were n + 1 
lures). To ensure that the percentage of lures was equivalent 
across subjects, two lists were created using the 20 letters in 
the stimulus pool. A 20-trial practice block (with feedback) 

proceeded the 40-trial experimental block (without feed-
back). The main DV was d′, which was calculated based on 
hit rates to targets minus false alarms to nontargets using the 
loglinear correction for hit and false alarm rates (Stanislaw 
& Todorov, 1999). In addition, we conducted supplementary 
analyses on lure accuracy to focus on the effects of training 
upon PI resolution.

3‑back matrix

The task was identical to 3-back letter, with the exception 
that the to-be-remembered stimuli were locations of red 
squares within a 4 × 4 grid (same as the running span matrix 
task). Thus, the stimulus pool was composed of 16 unique 
locations. Again, d′ and lure accuracy were used as DVs.

Letter fluency

Subjects were instructed to type as many words as possi-
ble in 2 min that started with either the letter ‘F’ or ‘S’. 
The main DV was the number of unique words generated 
using the criteria provided in Unsworth, Spillers, and Brewer 
(2011). In addition, we conducted supplementary analyses 
on word repetitions to focus on the effects of training upon 
PI resolution.

Category fluency

The task was identical to letter fluency, with the exception 
that subjects generated exemplars of specific categories 
(‘animals’ or ‘supermarket’). The DVs were the same as 
letter fluency.

Reading comprehension (Nelson‑Denny, 1993)

Reading comprehension was assessed with versions G/H 
of the Nelson-Denny test (counterbalanced across subjects 
as pretest and posttest), modified for the current study. In 
the paper-and-pencil version, each page presents 1 of the 
6 reading passages and its associated 5 multiple-choice 
comprehension questions. In our computerized version, the 
passage also remained onscreen throughout the presentation 
of all 5 question-and-answer options, but only 1 question 
with A-E answer options was shown at a time (hereafter 
called problems). When the subject clicked to choose an 
answer, the next problem was presented. After 5 problems, 
a new passage and the first problem associated with that 
passage was shown, which was repeated until all 6 passages 
and 30 problems were shown. Following the instructions 
provided in the manual, subjects were provided 20 min to 
work on the test. The DV was the number of problems cor-
rectly answered. We did not convert the raw score to the 
scaled score (Chein & Morrison, 2010) because we did not 
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administer the 1 passage in each version that had 8 associ-
ated problems. The reason for excluding this passage is that 
the 8-problem passage is longer and, thus, would have taken 
up the entire screen, leaving insufficient space to present 
each of the problems.

Survey

Upon completion of the posttest cognitive tasks, subjects 
were asked a variety of questions about their subjective 
experience during the study. Subjects were asked ‘Did you 
find the 10 shorter practice sessions enjoyable?’ and to rate 
their response (from 1 = not at all to 4 = very much so). Sub-
jects were asked to ‘Rate your level of effort during the 10 
shorter practice sessions’ (from 1 = low to 4 = high). Similar 
to Redick et al. (2013), we asked subjects to provide open-
ended answers about strategies they used. Specifically, the 
strategy questions were “If a friend were to come into the lab 
to begin the study next week and take the same 10 shorter, 
practice sessions, what tips/tricks could you tell your friend 
that would increase their performance?” followed by “What 
strategy or strategies did you use to try to reach a higher 
level during the 10 shorter, practice sessions?”. The strategy 
questions were followed with six questions asking subjects 
‘Do you feel that your participation in this experiment has 
changed your _______ ?’ and to respond ‘yes’ or ‘no’. Each 
question asked separately about intelligence, memory, atten-
tion, visual perception, language, and the way subjects car-
ried out daily activities, similar to Redick et al. (2013).

Training tasks

All training tasks were computerized, with stimuli presented 
visually and subjects using either the mouse (operation-
letters, operation-mix) or keyboard (visual-search) to make 
responses.

Adaptive operation‑letters (high‑PI)

The adaptive operation-letters training task (Fig. 1a) was 
very similar to the operation span training program in 
Harrison et al. (2013). Subjects were presented with math 
operations to solve, such as (9/3)− 1 = , for a maximum of 
4000 ms, and then presented with a digit between 0 and 9, 
such as 4, for a maximum of 2000 ms, and asked to answer 
whether or not the provided answer was the correct solu-
tion or not. After the subject clicked the TRUE or FALSE 
box, a to-be-remembered letter was presented for 1000 ms. 
Each trial contained a variable number of operation-letter 
item presentations, determined by the subject’s current 
level (see below). After the appropriate number of items 
occurred for that trial, the recall screen was presented and 
subjects were instructed to click on the letters they saw in 

serial order. There were 15 letters in the stimulus pool, and 
letters never repeated within a trial. Math operations were 
scored as correct if the subject selected the correct TRUE/
FALSE response. Item recall was scored using a partial-
credit method (Redick et al., 2012), such that letters recalled 
in the correct serial position in each trial were summed to 
create a total score for the trial.

There were 8 blocks of trials in each training session, 
with 3 trials in each block. The number of operation-letter 
item presentations during a given block was determined 
according to the subject’s current level (x). Randomly 
ordered within each block, one trial presented x + 1 items, 
another trial presented x + 2 items, and the remaining trial 
presented x + 3 items. For example, at level 1, subjects saw 
a 2-item, 3-item, and 4-item trial, in random order. At level 
12, subjects saw a 13-item, 14-item, and 15-item trial, in 
random order.

All subjects began the first training session at level 1, 
but thereafter the subject’s current level on a block adjusted 
based on their performance on both the math operations and 
letter recall from the previous block of trials. This included 
the first block of trials of sessions 2 through 10, in which the 
levels were determined by performance on the final block 
of the previous session. The current level was determined 
according to the following rules. If on the current block 
the subject correctly solved greater than 87.5% of the math 
operations and recalled more than 87.5% of the letters, the 
level on the next block increased by 1. If on the current 
block the subject correctly solved less than 75% of the math 
operations or recalled fewer than 75% of the letters, the level 
on the next block decreased by 1. Any other combination 
of math and letter performance resulted in the subsequent 
block having the same level as the one just completed. Feed-
back was provided after each trial and block, and the cur-
rent level was indicated at the beginning of the block. In 
the first training session, before beginning the real training 
task, subjects practiced the letter recall task by itself, then 
the math operation task by itself, and then a block of level 
0 of the training task.

Adaptive operation‑mix (low‑PI)

The adaptive operation-mix task was very similar to the 
operation-letters task (Fig. 1b). The only difference was 
that the category of to-be-remembered items alternated in a 
fixed order among letters, words, and digits, on each block. 
The first trial of every block presented letters for recall, the 
second trial of every block presented words, and the third 
trial of every block presented digits. Words were randomly 
sampled from a pool of 15, four-letter, monosyllabic words, 
each of which started with a unique letter. Digits were ran-
domly sampled from 1 to 15, and were presented in blue 
to distinguish them from the math operation stimuli. The 
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Fig. 1  Example of three trials at 
level 2 for operation-letters (a), 
operation-mix (b), and visual-
search (c)
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subject’s level adjusted each block based on the same for-
mulas as the adaptive operation-letters condition, but recall 
averaged across all 3 categories of to-be-remembered items 
determined the level on the next block of trials.

Adaptive visual‑search (active‑control)

The adaptive visual-search task (Fig. 1c) was very similar 
to the program used in Harrison et al. (2013). Subjects were 
instructed to locate a target (normal F or mirror-reversed 
F) among heterogeneous distractors (normal E, mirror-
reversed E, left-rotated T, or right-rotated T) on each trial. 
Subjects had to indicate the correct response using a com-
patibly mapped left- or right-index finger keyboard button 
press using labeled keys (z and, keys, respectively). During 
each training session, subjects completed 8 blocks of trials, 
and each block contained 24 trials, equally divided between 
the two target types. On each trial, a central fixation cross 
appeared for 500 ms, followed by the search display for 
500 ms containing a variable number of stimuli depending 
on the current level (see below), and a 2500 ms perceptual 
mask (Xs in the location of each possible stimulus). Subjects 
could make their response during the mask presentation, and 
accuracy was emphasized over speed.

The current level determined the number of distractors 
presented on each trial. On level 1, 1 target was presented in 
a single row with 1 distractor (2 columns × 1 row). On level 
2, 1 target was presented with 3 distractors in a 2 column × 2 
row configuration. On level 3, 1 target was presented with 5 
distractors in a 3 column × 2 row configuration. Subsequent 
higher levels increased the search display accordingly, add-
ing a new row on even levels and a new column on odd 
levels.

The starting level for each block and session followed the 
same rules as the training tasks. The current level was deter-
mined according to the following rules. If on the current 
block the subject accurately responded on 87.5% or greater 
of the trials, the level on the next block increased by 1. If on 
the current block the subject accurately responded on 75% or 
lower of the trials, the level on the next block decreased by 
1. Any other accuracy level resulted in the subsequent block 
having the same level as the one just completed. Feedback 
was provided after each block, and the current level was 
indicated at the beginning of the block. In the first train-
ing session, before beginning the real training task, subjects 
practiced a response-mapping block with lone targets.

Procedure

Subjects were assigned to one of the three groups at pre-
test. Unlike Redick et al. (2013), no attempt was made to 
match groups on pretest scores. Recruitment material and 
consent forms referred to the study as involving practice 

and learning, in contrast to other studies that have explic-
itly mentioned ‘brain training’ or similar terms in the study 
materials (Foroughi et al., 2016). Pretest and posttest ses-
sions occurred in a room where up to three subjects could 
be tested simultaneously, and were ~ 75 min in duration. 
Subjects completed 10 training sessions individually in 
laboratory rooms, and each session was ~ 30 min in dura-
tion. Subjects could not complete more than 1 of the 12 
sessions per day, and sessions were conducted on weekdays. 
Table 1 displays the average number of days between the 
pretest and posttest, which did not differ among groups, F(2, 
83) = 1.331, p = 0.270, ηp

2 = 0.031.
Subjects were paid $20, $25, and $10 USD for complet-

ing the pretest, posttest, and each of the 10 training sessions, 
respectively. Additional bonus compensation per training 
session was calculated according to the following criteria: 
$0 if they ended on Level 1, Level 2 or 3; $1 on Levels 4 and 
5; $2 on Levels 6 and 7; $3 on Levels 8 and 9; $4 on Levels 
10 and 11; and $5 on Level 12. The bonuses were used to 
encourage subjects to constantly attempt to maximize their 
training.

Analyses

Training data for the operation-letters and operation-mix 
groups were analyzed using a factorial ANOVA, with group 
(2) as a between-subjects variable, and training session (10) 
as a within-subjects variable. Because the ‘level’ used as 
the DV from the visual-search group was markedly different 
from the DV in the WM training groups, the visual-search 
group’s training performance was examined separately using 
a repeated-measures ANOVA with training session as the 
within-subjects variable. In addition, a repeated-measures 
ANOVA with memoranda type (3) and training session (10) 
was conducted on the training data for the operation-mix 
group only.

Transfer data were analyzed using two different meth-
ods. First, factorial ANOVAs were computed with group 
(3) as a between-subjects variable, and transfer session (2) 
as a within-subjects variable. Second, ANCOVA was used 
with group (3) as a between-subjects variable, posttest score 
as the DV, and pretest score as the covariate. In terms of 
providing evidence in favor of an effect of an intervention 
providing transfer, the critical test in the ANOVA model is 
the group × session interaction, and the group effect in the 
ANCOVA model. The debate about the appropriate use of 
ANOVA versus ANCOVA to assess differential change has 
a long history in psychology (Huck & McLean, 1975; Lord, 
1967; Miller & Chapman, 2001; Wright, 2006). Although 
the ANOVA results are discussed and interpreted in the text, 
the ANOVA and ANCOVA results are both provided. Given 
there are two training groups, separate analyses comparing 
the operation-letters training and control groups, and the 
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operation-mix training and control groups, were also con-
ducted. In addition, for each group, paired-samples t tests 
were used to determine whether pretest-to-posttest changes 
were significantly different from 0. Partial-eta squared (ηp

2) 
and Hedge’s gav (Lakens, 2013) are provided as indices of 
effect size. Proportion data from the surveys regarding self-
reported strategy use and perceived improvements were ana-
lyzed using Chi-square tests. All analyses were two-tailed 
and conducted using α = 0.05.

Results

Training data

Figure 2 shows the average level achieved during each of 
the 10 training sessions for each of the three groups. As can 
be seen, all three groups improved over the course of the 
training sessions. In addition, although there was substan-
tial variation within each group in terms of the amount of 
training improvement over the course of the 10 sessions, the 
majority of subjects achieved a higher level during session 
10 versus session 1 (operation-letters: 27 of 30 subjects; 
operation-mix: 25 of 27 subjects; visual-search: 29 of 29 

subjects). Finally, the operation-letters group appeared to 
outperform the operation-mix group across the 10 sessions, 
in contrast to the hypothesis that the mixed memoranda of 
the operation-mix group would lead to less PI and better 
performance than the operation-letters group.

These impressions were confirmed with the ANOVA 
results. First, for each group, the main effect of session was 
significant, operation-letters: F(9, 261) = 32.353, p < 0.001, 
ηp

2 = 0.527; operation-mix: F(9, 234) = 27.062, p < 0.001, 
ηp

2 = 0.510; visual-search: F(9, 252) = 38.635, p < 0.001, 
ηp

2 = 0.580. When comparing the operation-letters and 
operation-mix training performance, there was a significant 
main effect of group, F(1, 55) = 4.261, p = 0.044, ηp

2 = 0.072, 
and a significant main effect of session, F(9, 495) = 57.447, 
p < 0.001, ηp

2 = 0.511, although the group × session inter-
action was not significant, F(9, 495) = 1.434, p = 0.170, 
ηp

2 = 0.025.
An additional analysis focused on the training data from 

the operation-mix group, investigating recall performance 
separately for each of the to-be-remembered item categories 
(letters, words, digits).3 Figure 3 displays the mean number 

Fig. 2  Mean highest level obtained per training session as a function of group. Error bars represent ± 1 standard error of the mean

3 The operation-mix analysis does not include one subject who com-
pleted the entire first training session but the file did not save cor-



1644 Psychological Research (2020) 84:1635–1654

1 3

of items recalled correctly on each of the 8 trials in each of 
the 10 training sessions for each memoranda type. As can be 
seen, performance improved from session 1 to session 10, 
and although memory performance did not appear to differ 
as a function of item type in early sessions, letters tended to 
be recalled better than the words or digits with more prac-
tice, which is consistent with previous serial memory span 
tasks (Crannell & Parrish, 1957). The ANOVA results sup-
ported this interpretation, with significant main effects of 
memoranda type, F(2, 50) = 23.875, p < 0.001, ηp

2 = 0.488, 
and session, F(9, 225) = 21.933, p < 0.001, ηp

2 = 0.467, which 
were both qualified by a significant memoranda type × ses-
sion interaction: F(18, 450) = 1.640, p = 0.047, ηp

2 = 0.062.

Transfer data

Table 2 displays the pretest and posttest means for each 
cognitive outcome as a function of group, along with the 

paired-samples t test results each group. One-way ANOVAs 
with group as the between-subjects factor were conducted 
on all 9 pretest DVs in Table 2. The results indicated no 
differences among the three groups before training (3-back 
spatial p = 0.099; all other p’s > 0.618). Inspection of Table 2 
reveals pretest-to-posttest improvements in several cognitive 
outcomes, particularly the running span letter, running span 
matrix, 3-back letter, and letter fluency tasks. However, only 
possibly the running span letter (Fig. 4a) and 3-back letter 
(Fig. 5a) tasks exhibit any evidence of differential improve-
ment from pretest to posttest as a function of group, which 
is the critical aspect of assessing whether training produced 
transfer or not. There was no evidence for far transfer to 
reading comprehension, as pretest and posttest performance 
was virtually identical for all three groups. In addition, there 
was no evidence for transfer to any of the transfer tasks that 
did not involve serial-order memory for letter stimuli. The 
full ANOVA results (F values, p values, and ηp

2 for each 
main effect and interaction) for each outcome are provided 
in Table 3.

For running span letter, all three groups showed evidence 
of improvement from pretest to posttest via paired-samples 
t tests (Table 2). The marginal group × session interaction 

Fig. 3  Mean items per trial recalled correctly from individual memoranda categories for operation-mix group. Error bars represent ± 1 standard 
error of the mean

Footnote 3 (continued)
rectly, resulting in a loss of the necessary recall data from the last 
trial involving digits as the to-be-remembered items.
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(Table 3) reflects the seemingly larger improvement in the 
operation-letter group, whereas the operation-mix group 
and visual-search group gains did not differ (Fig. 4a). These 
impressions were consistent with two follow-up ANOVAs 
(Table 4), separately comparing the operation-letters and vis-
ual-search groups, and the operation-mix and visual-search 
groups. Note that none of the significance tests reached 
p < 0.05, indicating relatively weak evidence for transfer. 
For running span matrix, a different pattern emerged—
although all three groups showed significant improvement 
from pretest to posttest (Table 2), there were no differences 
in the amount of transfer among the three groups (Fig. 4b, 
Tables 3, 4).

For 3-back letter, both training groups, but not the control 
group, exhibited a significant pretest-to-posttest improve-
ment (Table 2). However, the group × session interaction 
did not approach significance (Table 3), nor did either fol-
low-up ANOVA comparing each training group separately 
versus the control group (Table 4).4 In addition, there was 
no evidence of transfer to 3-back matrix (Tables 2, 3, 4). 
Finally, supplementary analyses focusing on lure accuracy 
indicated no significant effects for 3-back letter or 3-back 
matrix (Tables 3, 4).

There was no evidence for transfer to any other tasks. 
Specifically, neither the operation-letters nor the operation-
mix group exhibited significant pretest-to-posttest improve-
ments on either change detection task (color, orientation). 
Although the within-group pretest-to-posttest improvement 
on letter fluency was significant only for the operation-let-
ters group, neither the overall group × session interaction 

(Table 3) nor the separate operation-letters versus visual-
search control group × session interaction approached sig-
nificance (Table 4).5 In both letter and category fluency, 
supplementary analyses using repetitions as the DV showed 
no evidence of transfer (Tables 3, 4). Finally, the results for 
reading comprehension were clear—there was no effect of 
training (Tables 2, 3, 4).

Survey data

Ratings of enjoyment, effort, and proportions of subjects 
who endorsed improvements in the cognitive abilities que-
ried are presented in Table 5. Notably, the three groups did 
not differ in their ratings of enjoyment or effort during the 
10 training sessions. The only self-perceived improvement 
outcome that differed as a function of group was for visual 
perception, where subjects in the visual-search control group 
were more likely than either training group to rate their vis-
ual perception to have changed (p = 0.042). These results 

Table 2  Transfer session performance as a function of group

gav pretest-to-posttest effect size within each group
*p < 0.05; †p = 0.054

Outcome Operation-letters (n = 30) Operation-mix (n = 27) Visual-search (n = 29)

Pre Post gav Pre Post gav Pre Post gav

Running span letter 32.73 (10.53) 41.13 (12.39) 0.72* 32.22 (12.52) 35.59 (13.26) 0.26† 31.69 (8.23) 36.03 (10.36) 0.46*
Running span matrix 32.10 (9.25) 36.10 (10.86) 0.39* 30.89 (9.04) 34.15 (9.50) 0.35* 31.76 (10.29) 37.79 (11.92) 0.54*
Change detect color 4.40 (0.96) 4.22 (0.93) − 0.19 4.33 (0.70) 4.37 (0.87) 0.06 4.44 (0.93) 4.53 (0.85) 0.09
Change detect orient 2.88 (1.16) 2.58 (1.21) − 0.24 2.76 (0.97) 2.49 (1.13) − 0.25 2.75 (1.13) 2.29 (1.20) − 0.39*
3-back letter 1.28 (0.68) 1.70 (0.72) 0.59* 1.08 (0.92) 1.40 (0.92) 0.35* 1.19 (0.84) 1.36 (0.66) 0.23
3-back matrix 1.77 (0.89) 1.82 (0.74) 0.06 1.44 (0.85) 1.66 (0.94) 0.24 1.25 (1.02) 1.43 (0.92) 0.18
Letter fluency 26.06 (6.55) 30.50 (7.97) 0.60* 27.19 (4.90) 27.98 (5.29) 0.15 26.59 (6.60) 29.33 (6.48) 0.41
Category fluency 35.28 (7.01) 36.51 (7.06) 0.17 33.47 (7.54) 31.47 (8.17) − 0.25 33.68 (8.45) 32.59 (6.37) − 0.15
Nelson-Denny 26.10 (3.03) 26.17 (2.39) 0.03 25.37 (2.96) 25.93 (2.06) 0.22 25.86 (3.26) 25.34 (4.24) − 0.14

4 The letter 3-back result is one finding with a slight divergence 
between the ANOVA and ANCOVA results. While the follow-up 
ANCOVA comparing the operation-letters and visual-search groups 
for 3-back letter was marginally significant, the 2 × 2 follow-up 
ANOVA group x session interaction was not significant (Table 4).

5 Category fluency is the other outcome in which the ANOVA and 
ANCOVA approaches differ. Although the interaction term from 
the ANOVA model was not significant, the group effect in the 
ANCOVA model was significant (Table  3). There are two reasons 
we do not think real transfer occurred for category fluency, in spite 
of the significant ANCOVA group effect. First, the within-group 
paired-samples t tests was not significant for either the operation-
letters group, t(29) = 0.833, p = 0.412, gav = 0.173; operation-mix 
group, t(26) = − 1.446, p = 0.160, gav = − 0.251; or visual-search 
group, t(28) = − 0.663, p = 0.513, gav = − 0.145. These non-significant 
changes mean neither training group produced a change that was sig-
nificantly different from 0. Second, the significant effect was likely 
driven by the non-significant increase from pretest to posttest for the 
operation-letters group, and the non-significant decrease from pretest 
to posttest for the operation-mix and visual-search groups (Table 2), a 
pattern that might produce statistical significance but is inconsistent 
with training producing transfer (see Redick, 2015, for further discus-
sion).
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suggest that the visual-search condition served as a believ-
able control for the training groups, while also suggesting 
that any transfer that was observed on the cognitive tasks 
occurred separately from expectancy or placebo effects. 
Because the survey was the same as used in Redick et al. 
(2013, cf. Table 5), where we also used a visual-search con-
trol group, we note that the relative pattern of self-perceived 
improvements was very similar across both studies. The 

visual-search control groups in both experiments were most 
likely to self-report improvements in attention and visual 
perception and least likely to self-report improvements in 
daily activities and language.

The open-ended strategy questions were coded for 
responses indicating use of (a) overt rehearsal (examples 
included “Saying the letters out loud so I could hear them 
and see them” and “During the shorter practice sessions I 

Fig. 4  Running letter span (a) 
and running matrix span (b) 
transfer as a function of group. 
Error bars represent ± 1 standard 
error of the mean
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would say the letters out loud to help remember”) and/or 
(b) associations between letter stimuli and words (exam-
ples included “Assign each letter a word or a name to make 
it into a sentence” and “To come up with words to remem-
ber the letters”). For overt rehearsal, 50% of the opera-
tion-letters group and 41% of the operation-mix group 

reported using the strategy, which did not differ between 
groups, χ2(1) = 0.491, p = 0.483. For the strategy of creat-
ing words from letter stimuli, 37% of the operation-letters 
group and 15% of the operation-mix group reported using 
this strategy, which marginally differed between groups, 
χ2(1) = 3.499, p = 0.061.

Fig. 5  3-back letter (a) and 
3-back matrix (b) transfer as a 
function of group. Error bars 
represent ± 1 standard error of 
the mean
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Discussion

The current study adds to a burgeoning literature examin-
ing the potential efficacy of WM training to improve cog-
nitive abilities, as measured by transfer to untrained tasks. 
However, in contrast to many studies in the literature that 

atheoretically compare a WM training group against a con-
trol group (research question: does it work?), we manipu-
lated the training content across two groups in an effort to 
investigate potential mechanisms underlying WM training 
and transfer (research question: if it works, why does it 
work?). Specifically, we compared two WM training pro-
grams that varied only in the to-be-remembered content, 

Table 3  Full statistics for the 3 
(group) × 2 (session) factorial 
ANOVAs and group ANCOVAs

For ANOVA, group main effect and group × session interaction, numerator df = 2; for session main effect, 
numerator df = 1; and for all effects, denominator df = 83. For ANCOVA, group main effect, numerator 
df = 2, denominator df = 82
rep. repetitions

Task ANOVA ANCOVA

Group Session Group by session Group

F p np
2 F p np

2 F p np
2 F p

Running span letter 0.831 0.439 0.020 33.590 0.001 0.288 2.802 0.066 0.063 3.066 0.052
Running span matrix 0.423 0.656 0.010 26.030 0.001 0.239 0.905 0.409 0.021 1.041 0.358
Change detect color 0.450 0.639 0.011 0.030 0.863 0.000 0.718 0.491 0.017 1.017 0.366
Change detect orient 0.326 0.723 0.008 9.049 0.003 0.098 0.283 0.754 0.007 0.436 0.648
3-back letter 1.075 0.346 0.025 13.838 0.001 0.143 0.776 0.464 0.018 1.506 0.228
3-back matrix 2.328 0.104 0.053 3.189 0.078 0.037 0.393 0.676 0.009 0.229 0.796
Letter fluency 0.134 0.874 0.003 9.835 0.002 0.106 1.536 0.221 0.036 1.328 0.271
Category fluency 2.451 0.092 0.056 0.501 0.481 0.006 1.223 0.300 0.029 3.366 0.039
Nelson-Denny 0.346 0.709 0.008 0.012 0.912 0.000 0.954 0.389 0.022 0.882 0.418
3-back letter lure 0.362 0.697 0.009 2.506 0.117 0.029 0.610 0.546 0.014 0.427 0.654
3-back matrix lure 0.741 0.480 0.018 2.295 0.134 0.027 0.219 0.804 0.005 0.658 0.520
Letter fluency rep. 3.308 0.041 0.074 0.479 0.491 0.006 1.009 0.369 0.024 0.100 0.905
Category fluency rep. 0.735 0.483 0.017 1.351 0.249 0.016 0.365 0.695 0.009 0.460 0.633

Table 4  Statistics for the 2 
(group) × 2 (session) factorial 
ANOVAs and group ANCOVAs

For ANOVA, group × session interaction, numerator df = 1, denominator df = 57/54 (operation-letters/oper-
ation-mix). For ANCOVA, group main effect, numerator df = 1, denominator df = 56/53 (operation-letters/
operation-mix)
rep. repetitions

Task Operation-letters Operation-mix

Group by session Group Group by session Group

F p np
2 F p F p np

2 F p

Running span letter 3.329 0.073 0.055 3.708 0.059 0.166 0.685 0.003 0.135 0.715
Running span matrix 0.832 0.366 0.014 0.806 0.373 1.656 0.204 0.030 2.002 0.163
Change detect color 1.200 0.278 0.021 2.019 0.161 0.019 0.891 0.000 0.310 0.580
Change detect orient 0.354 0.554 0.006 0.705 0.405 0.457 0.502 0.008 0.457 0.457
3-back letter 1.430 0.237 0.024 3.312 0.074 0.569 0.454 0.010 0.355 0.554
3-back matrix 0.421 0.519 0.007 0.342 0.561 0.033 0.857 0.001 0.362 0.550
Letter fluency 0.621 0.434 0.011 0.533 0.468 0.837 0.364 0.015 0.773 0.383
Category fluency 1.105 0.297 0.019 4.265 0.044 0.176 0.677 0.003 0.342 0.561
Nelson-Denny 0.513 0.477 0.009 0.815 0.371 1.724 0.195 0.031 1.347 0.251
3-back letter lure 0.101 0.751 0.002 0.650 0.423 0.563 0.456 0.010 0.014 0.905
3-back matrix lure 0.151 0.699 0.003 0.020 0.888 0.473 0.494 0.009 0.099 0.754
Letter fluency rep. 1.146 0.289 0.020 0.205 0.653 1.233 0.272 0.022 0.102 0.751
Category fluency rep. 0.523 0.473 0.009 0.101 0.752 0.493 0.486 0.009 1.127 0.293
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with one group (operation-letters) repeatedly practicing 
memory for letters and another group (operation-mix) 
practicing memory for letters, words, and digits in a pre-
dictable pattern. The use of different to-be-remembered 
materials embedded within the same overall training pro-
gram (operation span) allowed us to compare predictions 
primarily about the role of PI in WM training and trans-
fer, but also secondary predictions involving strategy and 
training variability. Next, we interpret the results in rela-
tion to these predictions.

Training and transfer: evidence for strategy account

Looking first at the training results, we observed that the 
operation-letters group outperformed the operation-mix 
group over the course of the 10 training sessions. This pat-
tern of results is inconsistent with the PI account, but the 
results are consistent with a strategy account. Because sub-
jects in the operation-letters repeatedly recalled from a fixed 
pool of stimuli across all memory trials, they should have 
experienced more PI than the operation-mix group, who had 
PI release built into the task design by predictably alternat-
ing among memory categories of letters, words, and digits 
(e.g., Bunting, 2006). However, instead of an impediment 
to performance, it appears that consistently remembering 
the same stimuli across training sessions was beneficial to 
performance. Perhaps this finding should not be surpris-
ing—Ericsson and colleagues’ work with SF and DD in the 
1970s and 1980s (recently reviewed and extended in Yoon, 
Ericsson, & Donatelli, 2018) demonstrated that subjects can 
develop very effective stimulus-specific strategies on verbal 
memory span tasks but still show typical levels of perfor-
mance on unpracticed verbal memory span tasks (Ericsson, 
Chase, & Faloon, 1980).

The operation-letters group (M = 7.70, SD = 3.18) 
on average attained a marginally higher level in session 
10 than the operation-mix group (M = 6.30, SD = 2.46), 
t(55) = 1.850, p = 0.070. This pattern is consistent with the 

operation-letters subjects developing letter-specific strate-
gies and using them across sessions, whereas the intermixed 
nature of the stimuli for the operation-mix condition may 
have prevented or made less obvious the potential benefit of 
developing a letter-based mnemonic strategy. Limited data 
in support of this idea were obtained in a posttest survey, 
in which we asked subjects to provide strategies they used 
during the training sessions. While 37% of operation-letters 
subjects explicitly listed a strategy of associating letters with 
words to aid memory, only 15% of operation-mix subjects 
provided this strategy, even though both groups had prac-
tice remembering letters in the context of the operation span 
training. While such retrospective reports of strategy use 
should be interpreted cautiously, they are consistent with 
differential strategy usage between the two highly similar 
training conditions.

The transfer data also provided evidence for the strat-
egy account versus the PI and training-variability accounts. 
Recall that relatively weak evidence for transfer was 
observed for the operation-letters group only versus the 
active-control group (running letter span and, based on 
ANCOVA, possibly 3-back letter). The PI account predicts 
greater transfer for the operation-letters group than the oper-
ation-mix group, but the transfer should be broad, across 
tasks that require resolution of PI. The lack of far transfer 
is inconsistent with the PI account. The training-variability 
account predicts greater transfer for the operation-mix group 
than for the operation-letters group, because the change in 
to-be-remembered content limits stimulus-specific strate-
gies in favor of training ‘core’ WM processes (Lustig, Shah, 
Seidler, & Reuter-Lorenz, 2009; Morrison & Chein, 2011). 
In addition, the training-variability account predicts broad 
transfer. The results were inconsistent with both predic-
tions of the training-variability account. The combination 
of training and transfer results is thus most consistent with 
the strategy account, in which subjects develop stimulus- 
or task-specific strategies to improve performance on the 
repeatedly practiced training task, but transfer is narrow 

Table 5  Posttest survey data

Enjoyment and effort values represent mean (SD) on scale of 1–4; All other values represent proportion of 
subjects in each group that replied yes to the question “Do you feel that your participation in this study has 
changed your _______ ?”. For one-way ANOVA, numerator df = 2, denominator df = 83. For Chi-square 
test, df = 2

Topic Operation-letters Operation-mix Visual-search F/χ2 p

Enjoyment 2.67 (0.88) 2.56 (0.80) 2.76 (0.58) 0.492 0.613
Effort 3.43 (0.63) 3.41 (0.50) 3.31 (0.54) 0.390 0.678
Intelligence 33% 26% 24% 0.697 0.706
Memory 67% 67% 62% 0.179 0.914
Attention 50% 48% 62% 1.314 0.518
Visual perception 37% 37% 66% 6.354 0.042
Language 3% 0% 3% 0.938 0.626
Daily activities 27% 11% 17% 2.324 0.313
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and only observed on tasks in which the learned strategies 
can also be utilized (Dunning & Holmes, 2014; Ericsson 
et al., 1980; Soveri et al., 2017; Sprenger et al., 2013). In 
any case, the very limited transfer observed does not bode 
well for more general cognitive improvements following 
WM training.

Relation to previous research

We followed recommended procedures in the training litera-
ture (Redick et al., 2015), specifically using: (a) larger sam-
ple sizes than typical—a recent WM training meta-analysis 
(Au et al., 2015) reported that the average group sample size 
is just under 20 subjects; (b) an active-control instead of a 
passive-control group, to help control for placebo and expec-
tancy effects; (c) using multiple measures of each outcome 
(except reading comprehension), to provide more conclusive 
evidence in favor of or against transfer than when relying on 
a single measure; and (d) pretest and posttest session dura-
tions of approximately 75 min, to mitigate the potential criti-
cism that transfer effects were not observed because subjects 
were fatigued. Studies with passive controls have an elevated 
likelihood of observing statistically significant transfer com-
pared to studies that employ active-control groups. However, 
we did not include a passive-control group here because, 
as discussed elsewhere (Melby-Lervåg et al., 2016; Redick 
et al., 2015), the limitations of passive-control groups are so 
severe as to render them minimally effective as a meaningful 
comparison condition.

The lack of a WM training group by session interaction 
in the training data is consistent with the results of previous 
studies that attempted to manipulate high- and low-PI WM 
training procedures (Hussey et al., 2017; Loosli et al., 2016; 
Oelhafen et al., 2013). That is, although these studies sought 
to manipulate PI, ultimately subjects that repeatedly prac-
ticed the high- and low-PI versions of the tasks did not show 
a different amount of improvement across training. Unfortu-
nately, the study (Bomyea et al., 2015) most comparable to 
ours did not present training data analyses. Note that we do 
not have a clear method for checking our PI manipulation 
based on the training data. Even if we restrict our analysis to 
session one performance, because our task was adaptive and 
list length in the operation-mix varied randomly with the to-
be-remembered stimuli, it is difficult to draw a comparison 
between our PI conditions as was done in previous single-
session research (e.g., Blalock & McCabe, 2011; Bunting, 
2006). These findings, in conjunction with the previously 
described WM and PI research that motivated our study, sug-
gest that manipulations that affect performance in specific 
ways within a one-off assessment of WM do not necessarily 
have the same effect when the WM test is practiced over 
multiple sessions. While the reasons for this difference are 
not known, understanding this discrepancy is important if 

researchers hope to know what changes with repeated prac-
tice in WM training applications.

Our transfer results are extremely narrow, similar to our 
previous research using complex span tasks as WM training 
(Foster et al., 2017; Harrison et al., 2013). Transfer from one 
type of working memory training (e.g., complex span) to 
other types of working memory tasks (e.g., n-back, change 
detection) is not consistently observed (Redick & Lindsey, 
2013; Soveri et al., 2017). Even the transfer to running letter 
span was marginal, which was somewhat surprising given 
that Harrison et al. (2013) observed clear transfer to running 
letter span. The main difference is that the visual-search con-
trol group in our study significantly improved from pretest 
to posttest, which did not occur in Harrison et al. (2013). In 
fact, when comparing the operation-letters and operation-
mix groups against each other, the group × session interac-
tion was significant, F(1,55) = 5.240, p = 0.026, np

2 = 0.087. 
This analysis also facilitates the comparison to Bomyea et al. 
(2015), who found that their high-PI reading span training 
group showed significantly greater transfer to operation 
span, compared to their low-PI reading span training group 
that alternated memoranda across trials. With our design, 
we obtained near-transfer results consistent with Bomyea 
et al. (2015), but by presenting the training session data and 
examining cognitive transfer with multiple measures, we 
were able to conclude that improvements in the ability to 
deal with PI are not the likely explanation for the pattern of 
training and transfer data.

Although the focus of many WM training studies has 
been whether or not it works to increase fluid intelligence 
(Au et al., 2015), reading comprehension is an ecologically 
and academically relevant outcome that has a strong rela-
tionship with individual differences in WM (Daneman & 
Merikle, 1996). Given the interesting results of Chein and 
Morrison (2010), who reported significant transfer from 
complex span training to the Nelson-Denny reading com-
prehension test in young adults, our lack of far transfer here 
could be viewed as a failure to replicate. However, other 
WM training studies have also failed to produce transfer to 
reading comprehension as assessed by the Nelson-Denny 
test (Carretti, Borella, Zavagnin, & de Beni, 2013; Gropper, 
Gotlieb, Kronitz, & Tannock, 2014; Payne & Stine-Morrow, 
2017; Sprenger et al., 2013, Experiment 2; Thompson et al., 
2013). Notably, many of the studies not observing transfer to 
the Nelson-Denny test used active-control groups, whereas 
Chein and Morrison (2010) used a passive-control group. 
In addition, the significant reading comprehension transfer 
reported in Chein and Morrison (2010) was based on using 
a one-tailed t test, and as reported in Sprenger et al. (2013), 
a Bayesian re-analysis of the results indicates “the data are 
equally supportive of both the alternative and null hypoth-
eses” (p. 659). Thus, despite the robust relationship between 
verbal complex span tasks and reading comprehension 
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(meta-analytic zero-order correlations with global and spe-
cific language comprehension measures ranged from r = 0.30 
to 0.52; Daneman & Merikle, 1996), improvements with 
training on operation span did not lead to improvements on 
reading comprehension.

Limitations and future directions

We note some potential criticisms with the current study. 
First, 10 WM training sessions were administered, in con-
trast to, for example, Chein and Morrison (2010) in which 
subjects completed 20 training sessions. Thus, one possibil-
ity is that the current subjects did not receive enough training 
to produce far transfer to reading comprehension. However, 
the literature indicates no clear pattern for a relationship 
between amount of training and transfer to reading compre-
hension, nor to far transfer more generally. For example, in a 
recent meta-analysis, Melby-Lervåg et al. (2016) statistically 
compared greater versus fewer training sessions as a mod-
erator variable, and observed no evidence that studies with 
more training sessions produced greater near or far transfer.

Second, the training materials in both training conditions 
used only alphanumeric materials, in contrast to visuo-
spatial memory content, or a combination of alphanumeric 
and visuo-spatial stimuli. Thus, we may have limited the 
opportunity for ‘core’, domain-general WM processes to 
be trained and, thus, minimized the chance that far transfer 
could be observed. We find this critique lacking on at least 
two accounts. First, recent meta-analyses have examined 
training content as a possible moderator of transfer, with no 
evidence that using verbal, visuo-spatial, or a combination 
of the two types of training affects the degree of transfer 
(Au et al., 2015; Schwaighofer et al., 2015). Second, our 
previous study (Harrison et al., 2013) administered both 
operation and symmetry span training tasks, in what could 
be considered as quite similar to the high-PI condition in the 
current research. Despite the use of both verbal and visuo-
spatial training stimuli, Harrison et al. observed only narrow 
transfer to other memory span tasks. Finally, our far transfer 
tasks were verbal-based (fluency, reading comprehension), 
so the use of alphanumeric training stimuli seemed most 
appropriate.

Third, our verbal working memory transfer tasks only 
included letters as stimuli, whereas including additional 
verbal working memory transfer tasks with words or digits 
may have been helpful to demonstrate the specificity of any 
strategy gains by the operation-letters training group. This 
would be consistent with the approach advocated by Gath-
ercole, Dunning, Holmes, and Norris (2019) in their recent 
process-specific framework.

Fourth, one might argue that if the low-PI condition pro-
duced transfer, it would be difficult to determine if the causal 
mechanism is the reduction in PI versus the increase in the 

variability of training. We strongly disagree, because the 
PI-as-cause account would not predict far transfer for the 
low-PI condition relative to the high-PI condition, whereas 
the variability-as-cause account would predict far transfer 
for the low-PI condition relative to the high-PI condition.

Finally, although the sample sizes used in our training 
and control groups were larger than those typically used in 
the literature (Bogg & Lasecki, 2015; Melby-Lervåg et al., 
2016), we did not conduct a formal power analysis before the 
study. In their review of existing meta-analyses, Soveri et al. 
(2017, cf. Table 1) reported that near transfer to WM exhib-
ited effect sizes between Cohen’s d = 0.12–0.79, depending 
on the exact inclusion criteria (e.g., age, type of training, 
type of control group, category of task outcomes). The meta-
analysis by Melby-Lervåg et al. (2016) reported a Hedge’s 
g = 0.15 for reading comprehension as the outcome when 
WM training was compared against an active-control group. 
However, to the degree that meta-analyses over-represent 
published studies (which are more likely than unpublished 
studies to contain significant results) and/or include small-
sample studies, these meta-analytic effect size estimates may 
be inaccurate for determining sample sizes.

Despite these issues with determining the relevant effect 
size to detect, we used G*Power 3 (Faul, Erdfelder, Lang, 
& Buchner, 2007) to conduct the same power analysis three 
times, using a range of f values to establish necessary sam-
ple sizes. Using labels from Cohen (1988, pp. 285–286), 
we used f = 0.25 (medium effect), f = 0.10 (small effect), 
and f = 0.175 (halfway between a medium and small effect). 
Given our view of the training literature, perhaps f = 0.175 
represents the effect one might expect in terms of near trans-
fer, when including an active-control group. Other than 
setting desired power at 0.80, we used default G*Power 3 
settings. The power analysis results indicated that our final 
sample size of N = 86 does achieve at least 0.80 power to 
detect transfer effects of f = 0.25 and f = 0.175, but not to 
detect transfer effects of f = 0.10.

We agree that, ceteris paribus, larger sample sizes for 
training studies are desirable. Pragmatically, however, there 
is a real cost (time and money) to conducting such studies; in 
the current study, subject compensation alone was $14,089 
USD. We anticipate that future studies will continue to focus 
on large-sample studies to improve the precision of the effect 
size estimates obtained as the debate about WM training 
efficacy continues.

In addition, recent studies have examined the role of 
individual differences in predicting the amount of training 
and transfer (e.g., Foster et al., 2017). In fact, our research 
(Gunn, Gerst, Wiemers, Redick, & Finn, 2018; Wiemers, 
Redick, & Morrison, 2018) has shown that individuals 
higher in cognitive ability at pretest show larger training 
gains on complex span training tasks like those used in the 
current study. Foster et al. (2017) demonstrated that despite 
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the larger training gain for high-WM subjects, there was no 
difference in the amount of transfer when compared to low-
WM subjects. Although the current study was not designed 
to examine individual differences in relation to training and 
transfer, future studies should address this aspect of WM 
training.

Conclusion

The current study examined the hypothesis that an increased 
resistance to PI underlies WM training and transfer improve-
ments. However, the training and transfer results were not 
consistent with a PI account. Transfer was limited to tasks 
that shared very similar stimuli and task features—serial-
order memory for letters. Our results cast further doubt on 
the utility of WM training as a tool to produce far transfer to 
correlated yet structurally dissimilar outcomes.
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