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Abstract

One current challenge in cognitive training is to create a training regime that benefits multiple cognitive domains, including
episodic memory, without relying on a large battery of tasks, which can be time-consuming and difficult to learn. By giving
careful consideration to the neural correlates underlying episodic and working memory, we devised a computerized
working memory training task in which neurologically healthy participants were required to monitor and detect repetitions
in two streams of spatial information (spatial location and scene identity) presented simultaneously (i.e. a dual n-back
paradigm). Participants’ episodic memory abilities were assessed before and after training using two object and scene
recognition memory tasks incorporating memory confidence judgments. Furthermore, to determine the generalizability of
the effects of training, we also assessed fluid intelligence using a matrix reasoning task. By examining the difference
between pre- and post-training performance (i.e. gain scores), we found that the trainers, compared to non-trainers,
exhibited a significant improvement in fluid intelligence after 20 days. Interestingly, pre-training fluid intelligence
performance, but not training task improvement, was a significant predictor of post-training fluid intelligence improvement,
with lower pre-training fluid intelligence associated with greater post-training gain. Crucially, trainers who improved the
most on the training task also showed an improvement in recognition memory as captured by d-prime scores and estimates
of recollection and familiarity memory. Training task improvement was a significant predictor of gains in recognition and
familiarity memory performance, with greater training improvement leading to more marked gains. In contrast, lower pre-
training recollection memory scores, and not training task improvement, led to greater recollection memory performance
after training. Our findings demonstrate that practice on a single working memory task can potentially improve aspects of
both episodic memory and fluid intelligence, and that an extensive training regime with multiple tasks may not be
necessary.
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Introduction

Long-term memory for personally experienced events, also

known as episodic memory (EM), is a vital capacity that underlies

many of our everyday functions. Given the importance of EM and

the fact that EM is vulnerable to neuronal cell loss as a result of

healthy ageing, traumatic brain injury or dementia [1,2,3,4,5], any

cognitive training regime that enhances EM performance could

potentially be of significant benefit to a wide range of people.

A common approach to EM training is cognitive ability

training, which concentrates on the cognitive abilities that support

EM [6]. The logic behind this approach is that improvement on

a training task should transfer successfully to other domains/tasks,

provided that these tasks rely on overlapping cognitive abilities, or

common neural systems [7]. One stream of EM ability training

research has targeted prefrontal cortex (PFC)-dependent executive

functions in light of the important contribution the PFC makes to

EM [8]. Of particular interest is working memory (WM) given the

proposed interaction between WM and EM processes [9].

Surprisingly, the effects of working memory training on episodic

memory have, to date, been mixed. Many studies have failed to

observe any clear benefits of WM training on EM [10,11,12,13]

and when potential EM improvements have been reported, these

rely on a large battery of training tasks [14,15], which can be time-

consuming and difficult to learn.

One possible reason why WM training has not been consistently

associated with EM improvement is that previous research has not

fully considered the neural substrates that underlie WM and EM.

Medial temporal lobe (MTL) structures, such as the hippocampus,

have been traditionally considered to subserve EM and not WM

[16]. There is increasing evidence, however, that the MTL also

supports WM, but only for specific types of information (i.e. novel,

spatial/relational information) [17,18,19,20,21]. It is possible,

therefore, that training on a WM task that recruits MTL structures

will increase the likelihood of EM improvement. Notably, previous

training studies have typically employed WM training tasks that do

not involve the kinds of information associated with MTL

involvement. A second significant limitation of existing EM
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training research is that previous investigations have generally

assessed EM using standard neuropsychological tests or basic

memory paradigms (e.g. recalling a limited word list). These tasks

may not be sufficiently sensitive to detect subtle changes in EM

ability and, critically, provide limited insight into how cognitive

training may differentially affect different types of EM processes,

for example, recollection (‘remembering’) and familiarity (‘feeling

of knowing’) recognition memory. The latter is an important issue

since there is evidence to suggest that different EM processes such

as recollection and familiarity are subserved by different neural

substrates [22,23] and thus, the effectiveness of a single training

paradigm to provide general improvements in EM is likely to be

determined by the brain structures that the training task recruits.

For instance, considering MTL structures, one viewpoint suggests

that recollective memory is dependent on the hippocampus

whereas familiarity is subserved by the cortex adjacent to this

structure, more specifically the perirhinal cortex [22,23] (see,

however, [16]). According to this view, therefore, a training task

that primarily targets the hippocampus may predominantly impact

recollective but not familiarity memory.

To address these issues and investigate whether a single WM

task could benefit EM, we designed a novel adaptive spatial WM

training task in which participants monitored real-world scenes

presented across 8 picture frames located in a three-dimensional

(3D) room (Figure 1). Our decision to emphasize spatial processing

was motivated by a recent study in which we demonstrated that

increased WM demand for complex spatial information led to

greater PFC and MTL activity [19]. Participants’ EM abilities

were assessed before and after training using one object and one

scene recognition memory task incorporating memory confidence

judgments. These two tasks allowed us to (1) investigate

recognition performance with regards to hits and false alarms

(i.e. d-prime, d9); (2) acquire quantitative measures of recollection

and familiarity by taking into account confidence judgments,

which may be more sensitive to changes in recognition memory

ability (see Methods); and (3) assess recognition memory using two

different types of stimuli to determine whether the use of spatial

stimuli for the training task would lead to improvements in

recognition memory involving other types of stimuli (i.e. objects).

To determine the generalizability of the effects of training beyond

recognition memory, we also assessed fluid intelligence (Gf) using

a matrix reasoning task (Bochumer Matrices Test, BOMAT) [24].

The use of this test was motivated by recent work that has

demonstrated that WM training can benefit Gf [25]. We

predicted, therefore, that our spatial WM training task would at

least lead to significant improvements in Gf and potentially, in

recognition memory performance as well, as captured by some or

all of the different performance measures used.

Methods

Participants
56 neurologically healthy right-handed young volunteers who

were not on any psychoactive medication were recruited from the

Oxfordshire (UK) area, with one half forming the training group,

and the other half a control group. One training volunteer was

excluded due to illness that interfered with participation. For the

remaining participants, there were no significant differences (all

t(53),0.7, p.0.5) between the training group and controls in

terms of age, sex, education, verbal IQ as measured by the

National Adult Reading test (NART) [26] or depression as

measured by the Beck Depression Inventory II (BDI) [27]

(Table 1). To investigate any potential effects of differences in

training task gain (i.e. quality of training), we also divided the

training participants into a high gain (HG) group (training task

gain scores above the group median, n= 14) and a low gain (LG)

group (training task gain scores below the group median, n= 13).

There were no significant differences on any of the descriptive

factors (all F(2, 52),1.4, p.0.2) between the controls, HG trainers

and LG trainers (Table 1). This study was approved by the Central

University Research Ethics Committee at the University of

Oxford, and all participants gave informed written consent prior

to participation.

Behavioral Procedure
The training participants were asked to practice on the training

task for 20 minutes a day on their personal computers, 5 days

a week for 4 weeks. The duration of training (20 days) was

determined on the basis of previous research that has demon-

strated that training-related cognitive improvements are time-

dependent, with large effects observable after a period of about 20

days [25]. To track training, a performance log file was

automatically generated after each training session and given to

the investigators by the participants. All trainers were able to

provide a log file for every training day other than one participant

whose log files for 7 days (spread throughout the 20 days of

training) were unfortunately irretrievable due to computer

technical difficulties. A pre-training assessment session took place

the day before training began and the post-training session no

more than 2 days after training was completed. The control group

completed the same evaluation sessions as the trainers 28 days

apart, but did not undertake any cognitive training.

Assessment Sessions
In the pre- and post-training sessions, all participants completed

the training task, the BOMAT, and two recognition tests. The

training and recognition tasks were administered on a 150 laptop

computer, whereas the BOMAT was administered on paper.

Different versions of each task were used across the two assessment

sessions, and within each session, the same tasks were administered

in the same order across all participants. All pre- and post-training

assessment scores are provided in Table 2.

Training Task
We developed a dual N-back spatial working memory task in

Presentation (Neurobehavioral Systems Inc.). Participants were

presented with a 3D room containing 8 picture frames (Figure 1).

Images of real-world scenes were presented one at a time in these

frames (duration 1000 ms, inter-stimulus interval 2500 ms) and

participants were asked to monitor the real-world scenes as well as

the locations in which they were presented. The task started as a 1-

back task on the first block of training in the first training session,

and was ratcheted to N-back in subsequent blocks according to the

participant’s performance. An ‘S’ key response was required when

a scene image was repeated (2 successive identical scenes for 1-

back; 2 identical scenes separated by a different image for 2-back,

and so forth) and an ‘L’ when a picture frame location was

repeated (2 scenes presented successively in the same location for

1-back; 2 scenes presented in the same location, separated by

a different location, for 2-back, and so forth). Each training session

comprised 12 blocks. 30 scenes were presented in each block and

of these 6 were scene targets, 6 were location targets and 2 were

both scene and location targets. If the participant made fewer than

3 errors in both scene and location modalities within a block, the

level of N increased by one in the next block. If more than 5 errors

were made the level of N was decreased by 1 (minimum 1-back)

and in all other cases the level of N remained the same.

Episodic Memory Training
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The scene images consisted of 440 unfamiliar grayscale

photographs of indoor and outdoor scenes, which did not contain

people, objects, or words. These scenes were specifically picked so

that they could not be easily encoded verbally. The N-back

training task was quasi randomized so that in each training session

a scene was only selected once by the program.

Bochumer Matrices Test (BOMAT) – advanced Short
Version
The BOMAT is a non-verbal neuropsychological test of Gf

[24]. In each trial a 563 matrix of patterns is presented with one

empty field in the matrix. The participant must decide which

pattern out of 6 options completes the matrix. In the advanced

short version, there are 29 successive matrices to complete. Due to

time restrictions and the possibility of ceiling effects associated with

some Gf tests, participants were given 10 minutes to complete as

many patterns as they could in each assessment session (for

a similar procedure see [25]). The number of correct responses

during this time served as a measure of Gf. Versions A and B of the

BOMAT were presented in the pre- and post-test sessions,

respectively.

Recognition Memory Tasks
One scene and one object recognition task were administered in

each assessment session. In both sessions, the participants were

aware that these tasks were designed to assess their recognition

memory. The procedure for each task was identical across both

sessions, although different stimuli were used. Each scene task

involved 240 grayscale photographs of unfamiliar indoor and

outdoor scenes, which did not contain people, objects, or words.

These scenes were different to those used in the training task. For

each object test, 240 grayscale photos of everyday objects were

Figure 1. Schematic diagram of training paradigm. In this example, participants had to detect spatial locations and scene images that were
identical to those presented two trials earlier (2-back task). The N-back requirement started at 1 and varied with performance across training.
doi:10.1371/journal.pone.0050431.g001

Table 1. Demographic details of the training group and control participants considered as a single group, and divided into two
groups according to training task gain (HG: high gain; LG: low gain; BDI: Beck Depression Inventory II; NART: National Adult
Reading Test).

All trainers Mean (S.D.) Controls Mean (S.D.) HG Trainers Mean (S.D.) LG Trainers Mean (S.D.)

Female: Male 13:14 14:14 6:8 7:6

Age/years 25.36 (4.45) 25.49 (4.68) 26.74 (4.41) 23.88 (4.15)

Education/years 16.63 (2.87) 16.14 (2.51) 16.57 (2.31) 16.69 (3.47)

BDI score 2.89 (3.29) 3.18 (3.85) 2.71 (3.15) 3.08 (3.55)

NART score 36.33 (8.96) 37.00 (7.95) 34.79 (7.36) 38.00 (10.46)

doi:10.1371/journal.pone.0050431.t001

Episodic Memory Training
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used. In both tests the stimuli were split into 120 items for an

encoding phase and 120 foil items, which were presented with the

encoding items for a test phase. In the encoding phase,

participants were presented with individual images and asked

whether each scene was indoor or outdoor, or if each object could

fit in a shoebox. Following 20 min, during which filler tasks

unrelated to the recognition memory paradigm were completed

(e.g. the NART and BDI), the test phase took place. Participants

were shown the encoding items intermixed randomly with the foils

and asked to make a recognition judgment for each item using a 6-

point confidence scale (‘‘1’’ = confident item is new; ‘‘6’’ = confi-

dent item is old).

A d-prime (d9) score (z(P(hits) – z(P(false alarms)) was calculated

for each task as a general measure of performance. To take

confidence ratings into account, ROC curves were derived by

plotting P(hits) vs. P(false alarms) starting at the most confident

response level (hits = P(6|old); false alarms=P(6|new)), and then

cumulatively at subsequent confidence levels (hits = P(6|old)+-
P(5|old); false alarms=P(6|new)+P(5|new), etc). The dual process
signal detection (DPSD) model (for details see [28,29]) was fit to

this data by using a Microsoft Excel Solver that implements a sum

of squares search algorithm to obtain estimates of recollection and

familiarity for each participant. In brief, the DPSD model assumes

that recognition memory consists of independent recollection and

familiarity components. According to this model, recollection is

a threshold process and thus, can either fail or lead to the recall of

varying amounts of qualitative information (e.g. when and where

a previously encountered item was seen before). Thus, high

confidence hits (e.g. 6) are believed to reflect recollective memory.

On the other hand, recognition memory based on familiarity

occurs when recollection fails, and is suggested to reflect a signal

detection process in which studied and new items possess distinct

but overlapping Gaussian distributions of memory strength.

Data Analyses
Analyses were conducted using IBM SPSS software. The

performance measures from the two recognition memory scores

were considered collectively by averaging across the two tasks to

create composite scores (i.e. average d9, average recollection,

average familiarity) as well as separately (i.e. object d9, object

recollection, object familiarity, scene d9, scene recollection, scene

familiarity). To determine whether there were any pre-existing

differences between the participant groups, the pre-training

assessment scores of the controls and trainers were compared

using two-tailed independent sample t-tests (when the trainers

were considered as a single group) and one-way analyses of

variance (ANOVA; when the trainers were median-split according

to training gain into HG and LG groups). To investigate any

changes in performance after training, gain scores (post- minus

pre-training score) were calculated for all tasks. Two-tailed

independent sample t-tests were first used to explore any

differences between all the trainers and the control group. When

the trainers were divided into HG and LG groups, one-way

ANOVAs were used to contrast these two groups with the

controls. Since only three means were involved (and thus, Family

Wise Error rate = a), we used three 2-tailed linear contrasts (HG

vs. LG, HG vs. controls, LG vs. controls) to explore these

ANOVAs further [30]. Given the unequal sample sizes following

Table 2. The pre- (1) and post-training (2) assessment scores for the training task, BOMAT, and recognition memory tests (average
d9, recollection and familiarity scores, as well as individual scores for the object and scene tasks) (HG: high gain; LG: low gain).

Task Session
All trainers
Mean (S.D.)

Controls
Mean (S.D.)

HG trainers
Mean (S.D.)

LG Trainers
Mean (S.D.)

Training task 1 1.53 (0.28) 1.65 (0.38) 1.57 (0.31) 1.49 (0.27)

2 2.86 (0.93) 1.69 (0.43) 3.49 (0.83) 2.19 (0.42)

BOMAT 1 7.56 (2.45) 7.50 (2.32) 8.36 (2.41) 6.69 (2.29)

2 9.52 (2.03) 7.75 (2.53) 9.93 (2.13) 9.08 (1.89)

Average d9 1 1.28 (0.31) 1.20 (0.34) 1.31 (0.31) 1.25 (0.31)

2 1.21 (0.43) 1.02 (0.42) 1.45 (0.35) 0.96 (0.35)

Average recollection 1 0.25 (0.13) 0.22 (0.12) 0.23 (0.13) 0.27 (0.12)

2 0.24 (0.14) 0.14 (0.10) 0.28 (0.15) 0.19 (0.12)

Average familiarity 1 0.84 (0.38) 0.87 (0.32) 0.90 (0.29) 0.77 (0.46)

2 0.86 (0.45) 0.79 (0.34) 1.09 (0.29) 0.62 (0.48)

Object d9 1 1.42 (0.37) 1.26 (0.39) 1.45(0.42) 1.38 (0.33)

2 1.29 (0.53) 1.01 (0.43) 1.54 (0.53) 1.02 (0.37)

Object recollection 1 0.28 (0.15) 0.23 (0.14) 0.26 (0.16) 0.30 (0.15)

2 0.27 (0.16) 0.15 (0.12) 0.32 (0.16) 0.22 (0.14)

Object familiarity 1 0.94 (0.47) 0.95 (0.40) 1.02 (0.38) 0.85 (0.55)

2 0.88 (0.60) 0.80 (0.38) 1.13 (0.48) 0.62 (0.61)

Scene d9 1 1.15 (0.33) 1.14 (0.36) 1.17 (0.32) 1.13 (0.35)

2 1.10 (0.46) 1.03 (0.45) 1.28 (0.47) 0.90 (0.37)

Scene recollection 1 0.23 (0.11) 0.21 (0.12) 0.21 (0.11) 0.25 (0.12)

2 0.19 (0.14) 0.14 (0.09) 0.22 (0.16) 0.16 (0.11)

Scene familiarity 1 0.74 (0.34) 0.79 (0.34) 0.79 (0.25) 0.69 (0.42)

2 0.82 (0.47) 0.79 (0.35) 1.01 (0.46) 0.62 (0.40)

doi:10.1371/journal.pone.0050431.t002
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median-split of the trainers, we paid particular attention to

homogeneity of variance across groups. When this was violated as

indicated by the Levene statistic, the Welch procedure was used

and subsequent linear contrasts were adjusted. Finally, we

explored whether any BOMAT and recognition memory im-

provements in the trainers were related to (1) the degree of

improvement on the training task; and (2) the trainers’ pre-training

abilities (as measured by pre-training assessment). To achieve this,

we carried out a series of multiple regression analyses in the

trainers with the transfer task gain score as the dependent variable

(i.e. BOMAT score or one of the three composite recognition

memory scores), and the corresponding pre-training score and

training task gain score as the independent variables.

Results

Pre-training Scores
Irrespective of whether the trainers were considered as a single

group, or as two groups according to training task gain (HG vs.

LG), there were no significant differences in pre-training scores

between the trainers and controls on any of the tasks administered

(see Table 3). Thus, any significant differences between groups in

gain scores cannot be attributed to pre-training differences.

Gain Scores
As expected, the training group possessed significantly greater

gain scores on the training task compared to the control group

(t(53) = 7.59; p,0.0001). When the training group was median

split into an HG group and a LG group, a one-way ANOVA

revealed a significant effect of group (Welch F99(2, 25.10) = 53.80,

p,0.0001) (Figure 2). There was a significant difference between

the HG and LG groups (t(15.85) = 5.67, p,0.0001, Cohen’s

d = 2.15), the HG group and controls (t(15.30) = 8.83, p,0.0001,

Cohen’s d = 3.21), and the LG group and controls (t(29.85) = 7.24,

p,0.0001, Cohen’s d = 2.32). The improvement in performance

of both HG and LG groups over the 20 days of training could be

explained by a linear function (HG: R2= 0.93, F(1, 18) = 253.05,

p,0.0001; LG: R2= 0.79, F(1, 18) = 68.59, p,0.0001).

Training led to significant improvement on the BOMAT.

Overall, the trainers made a significantly greater improvement on

this test in comparison to controls (t(53) = 3.14, p= 0.003). A one-

way ANOVA also revealed a significant effect of group when the

trainers were median-split (F(2, 52) = 5.50, p= 0.007), with

a significant difference between the LG group and controls

(t(52) = 3.15, p= 0.003, Cohen’s d= 0.99), as well as between the

HG group and controls (t(52) = 2.00, p= 0.05, Cohen’s d = 0.71).

Although there was a numerical difference between the HG and

LG trainers, this was not statistically significant (t(52) = 1.05,

p = 0.3, Cohen’s d = 0.40) (Figure 3). A multiple regression analysis

in all the trainers revealed that pre-training BOMAT performance

and training task gain explained a significant proportion of the

variance in BOMAT gain (R2 = 0.40, F(2, 24) = 7.85, p= 0.02). It

was found that while the pre-training BOMAT score was

a significant predictor of BOMAT gain after training, with lower

pre-training scores predicting greater post-training gain

(b=20.66, p = 0.001), training task gain was not a significant

predictor (b=0.19, p= 0.3).

There was a significant positive correlation between the gain

scores on all measures of the two recognition tasks (d’ gain:

r = 0.55, p,0.0001; recollection gain: r = 0.61, p,0.0001; famil-

iarity gain: r = 0.34, p = 0.01). Although a number of negative gain

scores were observed due to the second assessment tasks being

more difficult than those in the first session, this does not affect the

interpretation of our findings as all participants received identical

tests and it is the differences in gain scores between groups that are

critical. We found no significant difference in gain on any of the

composite scores between the trainers, when considered as a single

group, and non-trainers (all t(52),1.7, p$0.1). When HG and LG

trainers were considered separately, however, striking differences

emerged (Figure 4). There was a significant effect of group on all

three composite scores (d9: Welch F99(2, 24.77) = 5.87, p = 0.008,

recollection and familiarity: both F(2, 52).5.9, p#0.005), and for

each composite score, there was a significant difference between

the HG and control groups (d9: t(16.87) = 2.46, p = 0.03, Cohen’s

d = 0.95; recollection and familiarity: both t(52).3.0, p#0.004,

Cohen’s d$0.9), and the HG and LG groups (d9: t(18.97) = 3.40,

p = 0.003, Cohen’s d = 1.29; recollection and familiarity both

t(52).2.9, p#0.005, Cohen’s d$0.9). There were no significant

differences between the LG trainers and controls on any of the

recognition composite scores (d9: t(26.18) = 1.86, p = 0.08, Cohen’s

d = 0.49; recollection and familiarity: both t(52),1.0, p$0.3,

Cohen’s d#0.3).

To explore the recognition data further, we also considered the

object and scene tasks separately. One-way ANOVAs revealed

Table 3. Statistical comparison of pre-training assessment scores (HG: high gain; LG: low gain).

Task All trainers vs. controls HG trainers vs. LG trainers vs. controls

t(53) P F(2, 52) p

Training task 1.33 0.19 1.05 0.36

BOMAT 0.09 0.93 1.72 0.19

Average d9 0.98 0.33 0.57 0.57

Average recollection 1.15 0.26 1.01 0.37

Average familiarity 0.32 0.75 0.54 0.59

Object d9 1.55 0.13 1.28 0.29

Object recollection 1.33 0.19 1.20 0.31

Object familiarity 0.08 0.94 0.50 0.61

Scene d9 0.12 0.90 0.07 0.93

Scene recollection 0.74 0.47 0.57 0.57

Scene familiarity 0.56 0.58 0.45 0.64

doi:10.1371/journal.pone.0050431.t003
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a significant effect of group on d’ gain for both tasks (scene: Welch

F’’(2, 27.07) = 3.55, p = 0.04; object: F(2, 52) = 10.30, p,0.0001),

familiarity gain for both tasks (both F(2, 52).3.2, p,0.05), and

recollection gain for the object task (F(2, 52) = 6.44, p = 0.003),

with a trend for recollection gain on the scene task (F(2, 52) = 2.98,

p = 0.060). There was a significant difference between the HG

group and controls on all three performance measures for the

object recognition task (all t(52).2.6, p#0.01, Cohen’s d$0.9 ), as

well as a significant difference between the HG and LG trainers

(all t(52).2.9, p#0.005, Cohen’s d$0.9). On the scene task, there

was a significant difference between the HG and LG groups on d’

gain (t(15.25) = 2.30, p = 0.04, Cohen’s d = 0.87), recollection gain

and familiarity gain (both t(52).2.1, p#0.03, Cohen’s d$0.7),

a significant difference between the HG group and controls on

recollection gain and familiarity gain (both t(52).2.1, p,0.04,

Cohen’s d$0.6), but not between the HG trainers and controls on

d’ gain (t(16.79) = 1.45, p = 0.17, Cohen’s d= 0.52). On both scene

and object tasks, there were no significant differences between the

LG trainers and controls on any of the recognition measures

(Scene d9: t(38.05) = 1.79, p= 0.08; all others t(52),1.3, p$0.2;

Cohen’s d#0.5 ).

Lastly, to explore the relationship between training task gain,

pre-training performance and recognition memory improvement,

we conducted three separate multiple regression analyses in the

trainers using the average d9, average recollection and average

familiarity scores. These showed that a significant proportion of

the variance in gain on each of these three composite measures

could be explained by the trainers’ corresponding pre-training

performance and training task gain (d9: R2 = 0.25, F(2, 24) = 3.95,

p = 0.03; recollection: R2 = 0.28, F(2, 24) = 4.55, p = 0.02; famil-

iarity: R2 = 0.23, F(2, 24) = 3.56, p = 0.04). For both d9 and

familiarity, training task gain was a significant positive predictor of

improvement (both ß.0.48, p,0.02), whereas pre-training

performance was not a significant predictor (both 20.2,ß,0,

p.0.4). In contrast, pre-training performance (ß =20.47,

p = 0.01), but not training task gain (ß = 0.29, p = 0.1), was

a significant predictor of improvement in recollection, with lower

pre-training recollection scores leading to greater recollection gain

scores after training.

Discussion

To our knowledge, we have demonstrated for the first time that

an extensive cognitive ability training regime incorporating

multiple tasks is not necessary to improve episodic memory

(EM), as measured by two recognition memory tasks in the current

study. We have shown instead that practice on only a single

intensive, spatial working memory task can potentially enhance

both long-term mnemonic and fluid intelligence abilities.

The present investigation contrasts with recent studies in which

WM training transfer effects to EM have been absent or weak

[10,11,12,13]. Although successful transfer between a single WM

Figure 2. Mean gain scores (6S.E.) on the training task (A) and change in performance across 20 days of training for the LG and HG
groups (B). The mean scores at the first (AS1) and second (AS2) assessments are also shown. ** p,0.001.
doi:10.1371/journal.pone.0050431.g002

Figure 3. Mean gain scores (6S.E.) on the BOMAT. **p,0.001;
*p = 0.05; n.s. = not significant.
doi:10.1371/journal.pone.0050431.g003
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training task and EM performance has not, to our knowledge,

been demonstrated prior to our study, there are a number of

theoretical reasons why one would expect WM training to benefit

EM. First, PFC-dependent executive functions are suggested to

facilitate successful EM encoding and retrieval [31,32,33,34].

Thus, it is not surprising that prolonged practice on an executive

task such as WM may aid EM processing. At a more specific level,

WM processes have been suggested to interact with EM. For

example, the ability to maintain information in WM may have an

impact on EM encoding and retrieval [9,35]. Finally, it has been

suggested that the neural mechanisms underlying WM and EM

may not be as distinct as previously thought. Traditionally, the

MTL has been associated with EM but not WM processing,

whereas the lateral PFC has been suggested to be critical for WM

and not EM [16,36]. This idea has, however, been challenged

recently [36]. Contrary to early reports that patients with MTL

damage demonstrate intact WM, recent work has shown that

patients with MTL lesions do exhibit significant deficits when

specific types of WM tasks are administered, in particular those

that utilize stimuli that cannot be verbalized easily [37] or place

a significant demand on relational/spatial processing [38,39].

Crucially, comparable WM tasks, including those using delayed-

match-to-sample and n-back paradigms, have been associated with

MTL involvement in functional neuroimaging studies [18,19,20],

with stimulus novelty also being a critical factor [17,21].

Moreover, the degree of MTL activity during the maintenance

of items in WM may be predictive of subsequent EM success for

the same items [40].

In considering the overlapping neural correlates of WM and

EM, we suggest that one critical factor in determining the transfer

success of WM practice to EM is the type of stimuli used during

training. Since the MTL is not involved in all forms of WM and

complex spatial/relational processing has been implicated as one

critical factor [19,20,38], our participants were required to not

only monitor 8 spatial locations within a 3D room, but also a large

collection of 440 unique spatial scenes (besides those used as

repetitions, no image was used more than once in each training

session). This contrasts with previous studies in which training

tasks have taxed WM using relatively limited pools of 2D spatial

locations, colors, digits, letters, or animal pictures, therefore

leading to more frequent stimulus repetition throughout training.

Our observation of improved Gf (as measured by the BOMAT)

following training supports previous work that has found Gf

improvement following WM training [25,41] (see, however,

[13,42]). Adaptive WM training tasks may induce Gf improve-

ments since they require a wide range of executive processes,

which are closely associated with Gf. These include placing,

updating and removing items in WM, inhibiting irrelevant

information, monitoring performance, binding (e.g. combining

a scene and location), as well as managing two complex goals

simultaneously. In addition, the n-back task, dual task processing,

binding/chunking, as well as Gf based tasks, all robustly activate

a common neural network across the PFC and parietal cortex

[43,44,45]. Importantly, as noted above, many of these executive

processes may also contribute to EM performance [31,32,33,34],

therefore explaining why improvements on the current training

task may generalize to both Gf and EM.

Besides the need for the training and transfer tasks to be

mediated by overlapping neural substrates [7], there are other

factors that are likely to influence the extent to which improve-

ment on a training paradigm translates to better performance on

other cognitive tasks. For instance, it has been proposed that the

degree of training improvement is critical, with recent evidence

suggesting that larger transfer effects are likely to occur following

greater improvement on WM training [46,47]. In addition to this,

there has been some debate over whether the effects of cognitive

Figure 4. Mean gain scores (6S.E.) on the EM composite scores. **p,0.001; *p,0.05; n.s. = not significant.
doi:10.1371/journal.pone.0050431.g004

Episodic Memory Training

PLOS ONE | www.plosone.org 7 November 2012 | Volume 7 | Issue 11 | e50431



training are restricted to individuals within a limited range of

cognitive abilities [25], with the possibility that individuals

possessing a lower pre-training ability level are more likely to

benefit from training. The present data provide supporting

evidence that both of these factors can influence the effectiveness

of training and moreover, suggest that their impact may vary

across different types of cognitive processes/tasks. We found that

only the HG, and not LG, trainers demonstrated a significant

benefit to recognition memory performance. This indicates that,

broadly speaking, a certain degree of training improvement in

WM for spatial information is necessary before a successful

transfer effect to EM can be observed. In contrast, however, both

HG and LG groups made a significant gain in BOMAT

performance after training (with no significant difference between

HG and LG groups), suggesting that the amount of training gain

on our complex spatial WM training task does not determine the

magnitude of post-training Gf improvement as measured by the

BOMAT. To shed further light on the relationship between post-

training gain and training task gain, as well as the influence of pre-

training ability level, we conducted a series of multiple regression

analyses for the BOMAT and each composite recognition memory

measure incorporating these factors as explanatory variables.

Interestingly, while training task gain, but not pre-training ability,

predicted post-training improvement for the trainers’ average d9

and familiarity scores, the reverse was observed for the BOMAT

and average recollection, with pre-training ability, but not training

task gain, predicting post-training improvement. Although it is not

clear from the current study why post-training BOMAT perfor-

mance, recollection, familiarity and d9 were associated with

different significant predictors, our data highlight that both

training task gain and pre-training ability need to be taken into

consideration when designing a cognitive training regime and that

the nature of the influence of these factors can depend not only on

the training task used, but also the cognitive tasks to which

successful transfer is sought.

One point worth highlighting is that we used recognition tasks

incorporating confidence judgments to assess EM, which may be

more sensitive than standard neuropsychological EM tests or basic

recognition and free recall paradigms. Broadly speaking, we found

that all measures (d9, recollection, familiarity) benefited from

successful training. The HG group’s improvements in d9,

recollection and familiarity suggest that, despite an accumulation

of evidence indicating that different MTL structures may subserve

distinct EM processes [22,23], or process different types of

information [48,49], training on a spatial WM task may lead to

a non-specific improvement in EM, perhaps as a result of

recruiting both PFC- and MTL-dependent processes. More

specifically, in light of existing evidence arguing for a role for

the hippocampus in recollection but not familiarity [22], and data

suggesting that this structure is particularly important for spatial

memory and processing [50,51], one may have expected our

complex spatial WM training task to predominantly benefit

recollection memory and/or recognition memory for scenes. In

contrast, we observed improvement to both recollection and

familiarity, for both scene and object stimuli. Further research

incorporating other types of EM tests (e.g. tasks involving other

types of stimuli such as verbal material, recall paradigms,

autobiographical memory, etc) will be necessary to determine

whether the current findings can be generalized to all forms of

EM.

It is important to note that, similar to a number of recent studies

[12,14,25,41], the current study used a non-active control group.

It is plausible, therefore, that the transfer effects seen in the trainers

may be explained by a difference in motivation between the

trainers and the controls. In particular, a greater level of

motivation in the trainers may have led to improved BOMAT

and recognition memory performance in the trainers. Although

this explanation cannot be ruled out entirely without additional

research, there are indications that a difference in motivation may

not account fully for our findings. First, only the HG, and not LG,

group showed a significant improvement in both Gf and EM.

Since both of these groups underwent training and showed

significant improvement on the training task (with the HG group

showing the greatest gain) as well as the BOMAT, it is possible

that the observed transfer effects were intervention-related.

Second, our study involved young, highly educated participants

for which differential motivation effects are likely to be less of an

issue in comparison to other participant populations (e.g. brain

damaged patients or elderly populations). Finally, recent work has

demonstrated that there may not necessarily be significant

differences in the use of passive and active control groups [52]

suggesting, therefore, that although the use of an active control

group may be optimal in cognitive training studies, the use of

passive controls can be sufficient.

In conclusion, we have designed a spatial WM training

paradigm that can potentially improve both EM and Gf. Our

findings are important not only because they reveal that WM

training can benefit EM as measured by recognition memory, but

also because they demonstrate that training on multiple tasks may

not be necessary to produce performance gains in more than one

cognitive domain. For training on a single task to transfer

successfully to multiple abilities, it is crucial that careful

consideration is given to the processes and types of stimuli that

are involved in the training task in order to place a significant

demand on overlapping cognitive processes and underlying neural

correlates. Additional research will be necessary to determine the

applicability of our findings to ageing and patient populations, and

investigate whether improvements in EM can be observed beyond

the scene and object recognition tasks used in the present study.
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