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a  b  s t r a  c t

We  have  recently  demonstrated  that visuospatial  working  memory  performance  predicts  the  rate  of

motor skill learning,  particularly  during  the  early phase  of visuomotor  adaptation.  Here, we follow  up

these correlational  findings  with  direct  manipulations  of working memory  resources  to determine  the

impact on visuomotor  adaptation,  a form  of  motor  learning.  We  conducted  two  separate  experiments.  In

the first  one,  we  used  a resource  depletion strategy  to investigate  whether  the  rate  of early  visuomotor

adaptation would  be  negatively  affected  by  fatigue  of spatial working memory  resources.  In  the  second

study, we employed  a  dual n-back  task  training  paradigm that  has  been  shown  to  result  in transfer  effects

[1] over five  weeks  to  determine  whether  training-related  improvements  would  boost  the  rate  of early

visuomotor adaptation.  The depletion of spatial  working  memory  resources  negatively  affected  the  rate

of early visuomotor  adaptation.  However,  enhancing  working memory  capacity  via  training  did not  lead

to improved  rates of visuomotor  adaptation, suggesting  that  working memory  capacity  may  not be  the

factor limiting  maximal  rate  of  visuomotor  adaptation  in  young  adults.  These findings  are  discussed from

a resource  limitation/capacity  framework  with  respect  to  current  views  of  motor learning.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Visuomotor adaptation paradigms, in  which individuals modify

movements in  response to a  systematic alteration of visual inputs,

have been used extensively to  study adaptive learning [2–7].  Real

world examples of visuomotor adaptation include learning to con-

trol movements of a  mouse to manipulate a  cursor on a  computer

screen, or learning to use robotic tools for arthroscopic surgery.

While visuomotor adaptation clearly involves sensorimotor pro-

cesses, cognitive processes such as  attention and spatial working

memory are also thought to play a role [8–12].

For example, Eversheim and Bock [8] employed a  dual-task

paradigm and found that  a  spatial cognitive task interfered with

the early stages (first several minutes) of sensorimotor adapta-

tion. We  recently provided further support for the role of spatial
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cognition in sensorimotor adaptation. We  found that individual dif-

ferences in spatial working memory performance were predictive

of the rate of early, but not  late, sensorimotor adaptation (Anguera

et al.,  [12]).  In addition, participants recruited the right dorsolat-

eral prefrontal cortex (DLPFC) and bilateral inferior parietal lobules

(IPL) during spatial working memory performance and the early

phase of  visuomotor adaptation. This led to  our  proposal that motor

error information is loaded into spatial working memory and used

to update the mapping between visual and motor space [12,13].

While these findings provide some support that spatial working

memory is  engaged during the early stages of visuomotor adapta-

tion, the correlational nature of the design leaves room for other

interpretations.

The resource depletion framework offers a  more direct way

to probe the relationship between spatial working memory and

visuomotor adaptation, given the view that higher cognitive pro-

cesses are resource limited and can be temporarily depleted

[cf. 14, 15–18].  For example, this within-subject approach was

recently adopted by Persson et al. [18] who fatigued three distinct

interference resolution processes for 18  min and then exam-

ined subsequent performance on tasks that relied upon different

interference resolution mechanisms. These authors reported that

0166-4328/$ –  see  front matter ©  2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbr.2011.11.040
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subsequent performance was only affected when the new task

called upon the same resources as those that were initially

depleted, with no deleterious effects observed during tasks utilizing

different cognitive resources. Here, we  rely upon a  similar approach

for Experiment 1: selectively fatigue spatial working memory with

intensive task performance of a  spatial working memory task, and

then evaluate performance on tasks that engage either related or

unrelated cognitive processes. Given our recent findings regarding

the role of  spatial working memory during the early adaptation

period, we hypothesized that the depletion of  spatial working

memory resources would lead to  a reduced rate of early adapta-

tion. Such a finding would not only provide more direct support

for the role of spatial working memory in  visuomotor adaptation,

but it would also imply that the rate of visuomotor adaptation is

dependent on the cognitive status of an individual.

Similar to the resource depletion approach, a  resource augmen-

tation approach via training would also provide evidence for a

necessary role of spatial working memory in visuomotor adap-

tation. Generalization of benefits from cognitive training to a

non-trained task requires that the two tasks rely upon overlapping

cognitive processes and brain regions [19].  Several studies have

shown that working memory training can lead to  benefits on non-

trained working memory tasks that span beyond a single training

session [20].  In addition, cognitive training on a dual n-back task,

which loads heavily on working memory requirements, has been

shown to positively transfer across multiple domains, including

fluid intelligence (Gf)  and working memory [1,21,22]. Given that

Gf is associated with problem solving and learning [23], as well as

working memory and metacognition [24,25],  training on the same

dual n-back task may  generalize to  improvements in rate of visuo-

motor adaptation. We  evaluated this hypothesis in  Experiment 2.

Thus, in  the present study, we conducted two separate exper-

iments to further probe the contributions of spatial working

memory to visuomotor adaptation. The first experiment used a

resource depletion approach targeting spatial working memory,

while the second experiment consisted of n-back training targeting

working memory over several weeks. In both studies we evaluated

the impact on a  subsequent visuomotor adaptation task, hypoth-

esizing that spatial working memory depletion would reduce the

rate of visuomotor adaptation while working memory augmenta-

tion would speed the rate of visuomotor adaptation.

2. Experiment 1  –  Spatial working memory resource
depletion

2.1. Methods

2.1.1. Participants

Twenty-eight right-handed participants (19.0 ±  1.1 yrs; 19 men)

were recruited from the University of Michigan student population

and were paid $10/h for their participation. Data for two  partici-

pants were corrupted during data collection, while an additional

three performed the card rotation task more than 2.5 SD below

the group mean leading to their exclusion, leaving 23 participants

(16 males) for data analysis. Each participant signed an  Institu-

tional Review Board (IRB)-approved informed consent document

and filled out  a  health history questionnaire prior to the experi-

ment.

2.1.2. Experimental setup and procedure

The experiment was performed in a dimly lit room, with stimuli

presented on a 15-in. monitor at a  60 cm viewing distance. Tasks

were presented in a systematic order (Fig. 1) to test the pre-post

effects of  the spatial working memory depletion paradigm. Partic-

ipants performed the following neuropsychological assessments:

Digit Symbol task (1)

Card Rotation task (1)

Visuomotor Adaptation task 
(2 Blocks, no  rotation)

Spatial wor king memo ry 
fatigue protocol

Digit Symbol task (2)

Card Rotation task (2)

Visuomotor Adaptation task 
(5 Blocks,  rotation on)

Fig. 1.  Schematic depiction of the basic design of Experiment 1.

(1)  mental rotation and spatial relation abilities were tested using

Thurston’s card rotation (2-D) task [26]; (2) sensorimotor process-

ing speed was  determined by  the digit symbol substitution task

from WAIS-R [27].  The first (of 2) page of the card rotation task

and the original version of the digit symbol task were administered

prior to the spatial working memory task. Following the spatial

working memory task, the second page of the card rotation task and

a second version of the digit symbol task (where the digit symbol

mappings were changed) were administered to evaluate potential

fatigue effects on spatial working memory and speed of  processing.

The entire testing period lasted approximately 50 min.

The spatial working memory fatigue protocol was administered

using custom E-prime 1.1 software (Psychology Software Tools,

Pittsburgh). The task, modeled after the one employed by  Reuter-

Lorenz et al. [28] and Anguera et  al. [12], required participants to

memorize a  three item target set (three solid circles) in a 500 ms

period. Following presentation of  the target set,  participants saw a

blank screen for 3000 ms (retention interval, RI). During this period,

they were instructed to  mentally ‘connect the dots’ of  the target

set, and then mentally rotate this shape by 30◦ clockwise. Fol-

lowing the RI, participants were given 3000 ms  to decide whether

the subsequently presented probe set of open circles formed the

same configuration as the target set that they had mentally rotated.

This was followed by a  1000 ms inter-trial interval before the pre-

sentation of the subsequent target set.  Participants performed 14

blocks (10 trials/block), taking a  break of a self-determined dura-

tion (approximately 30–60 s) between each block of  trials. 70% of

the trials were ‘match’ trials in  which the probe set was rotated

30◦ clockwise. The remaining ‘non-match’ trials had two  of  the

three probe circles displaced by 1.1 cm (hard), 1.5 cm (medium),

and 1.9 cm (easy) from the original target dot configuration. The

entire fatigue protocol lasted approximately 20 min.

For the visuomotor adaptation task, task presentation and

response collection were accomplished with custom LabVIEW 6.1

software (National Instruments, Austin, TX). Targets (.8 cm in diam-

eter) appeared for 4 s in  one of  four locations: 4.8 cm to the right,

left, above, or below the centrally located home position (.8 cm in

diameter). Participants controlled a  cursor with a  dual potentiome-

ter joystick with their thumb and index finger, making small wrist

and finger movements to control the joystick, with real-time feed-

back displayed as  a cursor on  the projection screen. Participants

were asked to move the cursor into the target circle as quickly and

accurately as possible, and to  maintain the cursor within the circle

until the target disappeared. Upon target disappearance, they were

told to  release the spring-loaded joystick handle so that it  would

re-center for the subsequent trial. The next trial  began 1  s later,
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Table  1
Group mean (M) and standard deviation (SD) for each behavioral measure.

Task Units M SD

Pre-Card rotation # of correct–incorrect cards (3 min) 68.1* 11.0

Post-Card  rotation – 63.8 10.0

Pre-Digit  symbol # of correct symbols (2 min) 90.4 12.6

Post-Digit  symbol – 91.0 15.1

Spatial  working memory

First 6 blocks: Spatial rotation accuracy % correct 78%** 8.7%

Final  8 blocks: Spatial rotation accuracy – 71%  9.0%

First  6 blocks: Spatial rotation RT ms 1260 182

Final 8 blocks: Spatial rotation RT – 1216 160

Visuomotor  adaptation

DE  (early) Linear slope 3.6 2.8

*p < .05, **p < .001 between pre/post-test and first 6/Final 8.

Fig. 2. Spatial working memory performance across each block (group mean ± SE). The spatial working memory fatigue index was calculated by  subtracting mean performance

across  blocks 1–6 from mean performance across blocks 7–14.

resulting in an  inter-trial interval (from one target presentation to

the next) of  5 s. Participants performed 7 blocks (B) of the task (24

trials per block), with the first two experimental blocks (B1–B2)

performed under normal visual feedback conditions, whereas the

subsequent 5 blocks (B3–B7; adaptation period) were performed

with visual feedback rotated 30◦ clockwise about the center of the

screen.

2.1.3. Behavioral data processing

For both the card rotation and digit symbol tasks, a  difference

score of  the number correct minus incorrect was  calculated. For

the spatial working memory task, the response time and percent-

age of correct responses were calculated for each block. To evaluate

fatigue-related effects, we calculated a  difference score based upon

the mean performance across the first 6 blocks versus the subse-

quent 8 blocks. This division was based on our  previous work [12],

in which the entire spatial working memory task lasted 6 blocks,2

whereas here we examined how performance would decline in  the

subsequent 8 blocks. For the visuomotor adaptation task, the x  and

y coordinates from the joystick were recorded at a rate of  100 Hz.

These data were analyzed off-line using custom LabVIEW 6.1 soft-

ware to  track behavioral changes with learning. The data were first

filtered with a  dual low-pass Butterworth digital filter, using a cut-

off frequency of  10 Hz. The resultant joystick path was calculated

by computing the square root of the sum of the squared x  and y

2 Across these 1st  6  blocks, both accuracy and response time were comparable to

the  performance observed in Anguera et al. [12], where 6 blocks were used as well.
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Fig. 3. Visuomotor adaptation task performance for participants who  underwent

spatial  working memory resource depletion (group mean ± SD). Blocks 1 and 2 were

performed  under veridical visual feedback, whereas blocks 3–7 were performed

under  30◦ clockwise rotation of the display about the center of the screen.

coordinate data at each time point. The tangential velocity profile

was then calculated through differentiation of the resultant posi-

tion data. Movement onset and offset were computed through the

application of Teasdale et al. [29] optimal algorithm to the velocity

profile for each movement. Learning was assessed by measuring

direction error (DE), which is  the angle between a  straight line
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from the start to the target position and the position at peak veloc-

ity. We  utilized the linear slope across the first three adaptation

blocks for each subject to  measure the rate of early learning based

on our previous work with this task [12]. Each participant’s slope,

along with their spatial working memory accuracy difference score,

were entered into a one-tailed Pearson’s correlation analysis (due

to the directionally specific nature of our hypothesis) to  evaluate

the effect of spatial working memory resource depletion on the rate

of early visuomotor adaptation.

2.2. Results

Table 1 shows the group mean and standard deviation for perfor-

mance on each of the neuropsychological tests, the spatial working

memory task, and the visuomotor adaptation task. While there

was no significant correlation between the change in  card perfor-

mance and the change in spatial working memory accuracy (r  =  .19,

p > .35), we  did observe a  significant correlation between spatial

working memory accuracy over the first 6  blocks with ‘pre’ card

performance (r = .40, p  <  .05), unlike ‘pre’ digit symbol performance

(r = .33, p > .10). In addition there was also a  significant correlation

between ‘post’ card performance and the mean accuracy across

the final 8 spatial working memory blocks (r =  .50, p <  .02). Impor-

tantly, the spatial working memory fatigue protocol did not lead to a

difference in  digit symbol performance (t(1,22) =  .35, p > .70); how-

ever, participants did show a  significant reduction in card rotation

performance following the fatigue protocol (t(1,22) =  2.48, p < .05).

Together these effects suggest that the fatigue protocol specifically

affected spatial working memory resources, rather than exerting

a general affect on cognitive resources (as measured by speed of

processing) or producing generalized fatigue.

The change in spatial working memory accuracy and the effects

on visuomotor adaptation are consistent with this interpretation.

Spatial working memory accuracy was significantly reduced fol-

lowing the initial 6 blocks (t(1,22) =  3.70, p < .001; see Fig. 2) of the

working memory task, while response time (RT) did not  change

(t(1,22) =  1.21, p  >  .20), supporting the notion that a speed/accuracy

trade-off does not underlie the change in  task accuracy. Fig. 3 illus-

trates performance by  block for visuomotor adaptation. There was

no significant correlation between scores on the ‘pre’ fatigue blocks

and the rate of visuomotor adaptation (r = .34, p  >  .10),  suggesting

that individual working memory capacity prior to the fatigue pro-

tocol was not  associated with the rate of adaptation. While we did

not see a  correlation between DE rate of  learning and card rota-

tion task performance using ‘pre’ (r = −.25, p > .20), ‘post’ (r = −.14,

p > .50), or a  difference score (pre −  post; r = .16, p  >  .40), there was

a significant correlation between the change in spatial working

memory accuracy and the subsequent rate of visuomotor adap-

tation, as measured by  the slope of DE (Fig. 4; r = .42, p < .05)3.

This finding supports the idea that the depletion of spatial working

memory resources negatively affected the rate of early visuomotor

adaptation.4

3. Experiment 2 – Augmenting working memory via  training

3.1.  Methods

3.1.1. Participants

Sixty-nine individuals from the University of Michigan and greater Ann Arbor

community (21.0 +  3.0 yrs; 35 males) were recruited and paid for their participation.

None  of these individuals participated in Experiment 1. Participants were randomly

3 This effect was significant using either a 1 or 2 tailed approach.
4 One may argue that a better construction of such a difference score would be to

take  either (i) the 1st 3  – final 3 spatial working memory blocks or (ii) the 1st 2 –

final  2. In either case, the selection of these alternative difference scores led to  the

same  significant effects result reported above (r = .43 and .44, respectively).
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Fig. 4. Correlation between the rate of early adaptation and spatial working mem-

ory  accuracy difference score assessing the fatiguing of spatial working memory

resources  (r =  −.42, p = .023).

assigned to  one of two training groups: an n-back training group or a  knowledge

trainer  control group (for more details see Section 2.1.2). Four participants withdrew

from  the study during or after the pre-test (i.e. they did not start training), nine

participants dropped out during training (3 from the experimental group, and 6

from  the control group), and data for 11 participants were corrupted during data

collection  for the visuomotor adaptation task while another participant performed

the  card rotation task more than 2.5  SD below the group mean at pre-test leading

to  their exclusion. This resulted in a  total of 44 participants for our analyses (22

participants in each intervention group; 24  males total). Each participant signed an

IRB-approved informed consent document prior to the study, and was paid  $150

upon  training completion.

3.1.2. Experimental setup and procedure

The study was  conducted over the course of five weeks in a  computer lab

at  the University of Michigan. Participants completed two days of pre-testing

as  part of a larger study. Of relevance here, the test battery included a work-

ing  memory assessment using an n-back task (n =  3  and 4) with abstract shapes

[22],  an automated operation span task [30], as well as the  card rotation task

and  the digit symbol substitution task from Experiment 1,  and finally, a  visuo-

motor  adaptation task. These assessments were then repeated after five weeks of

training.

3.1.2.1.  Training. Participants came into the lab 4–5 days per week (average =  4.5

days)  for approximately 25 min of training per session. Before each training ses-

sion,  participants were asked “How motivated are you for today’s training session?”

using  a  1 (‘not at all’) to  9 (‘extremely’) scale. Similarly, following each training

session  participants were asked how engaged they were (“How seriously did you

train  in today’s training session?”) using the aforementioned scale. The  dual-task

intervention (dual n-back; NB)  was comparable to  the one reported by  Jaeggi et al.

[22].  Participants wore headphones while sitting in front of a computer screen

focusing  on  a  central fixation cross. Two  sets of stimuli were presented simultane-

ously  every 3 s. One set consisted of single letters presented auditorily through the

headphones,  while the other set consisted of blue squares on a black background

displayed in different spatial locations on the computer screen. The goal was to

decide  if for each modality (auditory or visual) the current stimulus matched the

stimulus  presented n stimuli back. Participants responded via key press whenever

the  presented letter matched the one that appeared n stimuli back in the sequence,

and  another key whenever the currently presented square was at the same position

as  the one n stimuli back in the series. No responses were required for non-targets.

The  value of n was always the same for visual and auditory stimuli. The  value of

n  varied between blocks of trials and was adjusted based on  an individual’s per-

formance  level. Thus, as an individual improved his  or her performance, the task

also  became more challenging and n increased by one, or if performance declined

then  n decreased by one. The task was therefore adaptive in difficulty in an effort

to  keep it both challenging and engaging for participants throughout the course of

training.

The  control group trained using a  custom-made crystallized intelligence trainer

(knowledge  trainer [KT]) by answering general knowledge, vocabulary, and trivia

questions. The KT was fashioned after the dual-task training task such that new

questions  were presented daily to engage and challenge participants. Questions that

were  answered incorrectly during a  particular session were presented again during

the  next session. Questions were presented in a  multiple-choice format using the

same  response keys as the n-back training task. They covered a variety of topics

including  vocabulary, geography, taxonomy, and pop culture. The correct answer
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Fig. 5. A: Mean performance over the course of training for the NB group (average level of n  reached during each session). B:  Mean performance over the  course of training

for  the KT group (average number of questions answered correctly in each training session).

Table  2
Group mean and standard deviation on cognitive and motor measures pre and post training.

Pre-test Post-test Effect size  (Cohen’s d)

Mean SD Mean SD

Dual n-back training group (NB)

Card rotation 52.6 21.8 62.7 16.4 .52

Digit  symbol substitution 69.2 8.2 76.0 7.5  .86

3-Back* .43 .28  .74 .31 1.05

4-Back* .33 .25  .63 .31 1.06

Operation  span* 40.08 16.22 51.00 14.25 .71

Visuomotor  adaptation (DE) 4.95 3.62 2.71 3.93 −.59

Knowledge  training group (KT)

Card rotation 63.8 13.0 69.6 12.2 .46

Digit  symbol substitution 71.2 10.9 75.8 13.0 .38

3-Back* .46 .24  .60 .35 .47

4-Back** .38 .24  .47 .35 .30

Operation  span* 44.48 14.50 46.87 16.29 .15

Visuomotor  adaptation (DE) 3.57 2.71 2.87 3.65 −.22

(Card rotation: # correct–incorrect cards, 2 pages, 6 min; Digit symbol: #  of symbols, 2 min; 3- and 4-back: accuracy percentage, hits-false alarms; Operation span: Score;

Visuomotor  adaptation DE: linear slope; Significant session effects, *p < .05)
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Fig. 6. Visuomotor adaptation task performance for training participants (group mean ± SD). Blocks 1 (baseline) and 12–13 (after-effects) were performed under veridical

visual  feedback, whereas blocks 2–11 (adaptation) were performed under 30◦ clockwise rotation of the  display about the center of the screen. ‘Pre’ refers to performance

prior  to training, ‘Post’ refers to  performance afterwards. NB: n-back task training group, KT: knowledge training group.

was  provided after participants responded, and periodically “fun facts” related to

the  questions were presented to keep participants engaged with the  task.

3.1.2.2.  Pre- and post-testing. The  visual single n-back baseline assessment con-

sisted  of 3- and 4-back levels (3 runs at  20 +  n trials each; 6 targets) using random

shapes  as stimuli [22]. The operation span task requires participants to recall a

sequence  of unrelated letters in the correct order in addition to  solving a  series of

simple  mathematical equations. We presented three sets of stimuli per  set size (i.e.,

the  number of letters to  be recalled), and the set sizes ranged from 3 to  7  [30].  The

visuomotor adaptation task was  presented to  participants on the computer using

custom  Presentation 14.5 software (Neurobehavioral Systems, Albany, CA). The task

itself,  including target presentation and instruction, was  identical to that in Experi-

ment  1 with the exception of the joystick used to  make responses (Logitech Extreme

3D  joystick (Fremont, CA)). Participants controlled a cursor using a standard gam-

ing  joystick placed on the desk in front of them and held the joystick using their

whole  hand. Participants performed 14 blocks (B) of the task (24 trials per block):

one  practice block under normal feedback conditions whose data was not included

in  the analysis, one baseline block (B1) again under veridical feedback, followed by

10  adaptation blocks (B2–B11) with visual feedback rotated 30◦ clockwise about the

center  of the screen, and finally two more blocks (B12–B13) again under veridical

feedback  conditions to  test for after-effects of the rotation.

3.1.3.  Behavioral data processing

A  difference score of the number correct minus incorrect was calculated for the

card  rotation task and the digit symbol task, as well as for the 3- and 4-back tasks.

For  the operation span task, we used the total number of letters recalled correctly

[30].  We  analyzed the visuomotor adaptation data off-line using custom MATLAB

software  (The MathWorks, Inc., Natick, MA)  and the same analysis procedures as in

Experiment 1. Training improvements on the n-back tasks, operation span, card rota-

tion  and the visuomotor adaptation tasks were calculated using difference scores

between  pre- and post-test performance. As described in Experiment 1, the rate

of  early adaptation in the visuomotor adaptation task was used to measure perfor-

mance  on this task, in addition to  direction error at each period (baseline, adaptation,

after-effects)

3.2.  Results

There was  no difference in the number of training sessions completed by the

NB  (21.2 sessions) and the KT groups (22.4 sessions; t(1,42) =  −1.40, p > .15). Mean

performance over the course of training for the NB group is presented in Fig. 5A

(average  level of n reached during each session), while mean performance for the

KT  group quantified by  the average number of questions answered correctly in  each

training  session is presented in Fig. 5B.  There was a significant linear performance

increase  in both groups over the course of the training (NB: y =  .09x + 3.34; R2 = .90;

p <  .001; KT: y =  1.21x + 109.56; R2 =  .56; p < .001)5.  A group (KT, NB) by session (first

two  training sessions, final two  training sessions) ANOVA revealed a  main effect

of  motivational decline across the training period (F(1,42) =  5.70, p < .05), a main

effect  of group showing that the NB group was less motivated than the KT group

(F(1,42)  =  8.74, p <  .01), but no group by session motivational decline (F(1,42) =  .005,

p  >  .90). However, a  separate group by  session ANOVA examining engagement dur-

ing  each training session revealed only a  main effect of session (F(1,42) =  21.05,

p  <  .001), without a group difference (F(1,42) = 1.76, p > .15) or group by  session

interaction  (F(1,42) = .20, p > .65), suggesting the level of engagement changed equiv-

alently  between groups across the training period.

Table  2 shows the group means and standard deviation for pre- and post-test

performance on working memory using the abstract shape n-back task (n = 3 and

4),  operation span, the card rotation task, the digit symbol substitution task, and

the  visuomotor adaptation task. A MANOVA with all the cognitive measures as

dependent  variables was  significant (F(5,37) =  4.23, p <  .05) showing more transfer

overall  for the NB group6.  Follow-up univariate ANOVAs revealed significant inter-

vention  effects for the 3-back (F(1,41) =  4.68, p < .05), 4-back (F(1,41) = 4.70, p < .05),

and  operation span tasks (F(1,42) =  3.90, p  <  .05). There were no  intervention effects

for  the digit symbol substitution task (F(1,42) =  .23, p > .60) and card rotation task

(F(1,42)  =  .53, p > .40). These results suggest that NB training transfers to  tasks that

engage  similar resources as the training task.

Despite the improvement on the training task and transfer to  other working

memory  tasks, there was  no group (NB vs. KT) by  test-session (pre vs. post) inter-

action  for the rate of early learning (i.e. slope) on the  visuomotor adaptation task

(F(1,42)  =  .001, p  >  .90; Fig. 6), nor was there a  main effect of test session for the rate

of  early learning, suggesting an absence of test-retest benefits (F(1,42) = .74, p >  .35).

Furthermore,  neither group showed a  correlation between the rate of early learning

and  slope across the post-adaptation blocks (r <  .32, p > .15 for each comparison),

with  no  significant difference in these correlations (z = .14, p >  .85).

Curiously, baseline performance was worse following the training

(F(1,42)  =  18.00, p < .001); however, the group by test-session interaction was

not  significant (F(1,42) =  .39, p > .50), indicating this  effect was  not  the result of NB

training  per se. For the adaptation blocks, there was a session (pre vs. post) by

block  (10) interaction (F(9,378) = 4.92, p <  .001), suggesting an  overall improvement

in  performance over these blocks following training. However, a  session (pre

vs.  post) by  block (10) by group ANOVA did not reveal a  significant interaction

(F(9,378)  =  1.11, p >  .35) suggesting the training did not have a differential between

group  effect. Furthermore, block-to-block repeated contrasts of the aforementioned

interaction also showed an asymptotic pattern of performance (F(1,43) <  2.30,

p  >  .13 for all block comparisons), providing additional evidence that the NB training

5 As seen in Fig. 4B, performance during the first session was lower than the other

training  sessions. However, the exclusion of this session still results in a  significant

linear  increase: y = .89x + 114.99; R2 = .64; p <  .001.
6 One participant failed to  complete the single n-back task, thus the MANOVA had

(5,37)  degrees of freedom.
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was  no more effective than the KT training protocol. Finally, for the after-effect

blocks  a group (2) by session (2)  by  washout block (2) ANOVA failed to  reach

significance (F(1,42) = 1.22, p > .25), supporting the idea again that there was  no

differential  training benefit observed.

The change in motivation and engagement across the experiment was not

related  to any change in the rate of early adaptation, as there was  no  correlation

between the difference in the rate of early learning (pre-post) and either the change

in  motivation (r = −.04, p >  .80) or engagement (r = .07, p > .60). Thus, though an  inten-

sive  NB training paradigm improved performance on a  variety of WM measures,

there  was  no beneficial transfer of these effects to the visuomotor adaptation task.

Moreover, motivation declines do not  appear to be the cause of this lack of transfer.

4. Discussion

In two experiments we evaluated the effects of spatial work-

ing memory depletion and potential augmentation via training on

the rate of sensorimotor adaptation. The findings from the first

experiment provide new evidence supporting the role of  spatial

working memory during the early stages of  visuomotor adaptation:

working memory resource depletion was associated with reduced

rates of adaptation. However, working memory augmentation via

training did not transfer to improvements in the rate of visuomo-

tor adaptation, suggesting that spatial working memory capacity

may not be the factor limiting maximal rates of  visuomotor adap-

tation in young adults. These findings are discussed further below

with respect to  motor learning viewed from a  resource limita-

tion/capacity framework.

4.1. Spatial working memory depletion and visuomotor

adaptation

Similar to the approach taken by Persson et  al. [18], the deple-

tion of spatial working memory resources resulting from intensive

task performance was validated by  the decline in card rotation

performance (a measure of  spatial working memory that also cor-

related with the spatial working memory depletion task). One

alternative explanation regarding these findings is that the fatigue

effect was not due to  the spatial working memory protocol per se,

but more general fatigue over time. While an inherent limitation

of the present study is  the absence of  a  control group perform-

ing a non-fatiguing task to  directly exclude this possibility, the

depletion effect did show specificity to spatial working memory fac-

ulties, as  digit symbol substitution task performance (a measure

of processing speed based on central executive cognitive process-

ing) was unchanged following the fatigue protocol. These findings

are consistent with those reported by  Persson et al. [18],  as their

20 min  within-subject depletion protocol led to  specific perfor-

mance impairments in related cognitive domains while leaving

those unrelated intact.

Most pertinent to  the present study, larger changes in spatial

working memory performance across the fatigue protocol were

correlated with slower rates of subsequent visuomotor adaptation.

While the strength of the observed correlation was modest, it is in

line with the hypotheses put forth here regarding the specificity of

the resource depletion approach. Furthermore, this result extends

our previous findings that show spatial working memory is  asso-

ciated with the rate of visuomotor adaptation, and that the two

tasks share overlapping neural resources [12]. More specifically,

we previously observed the engagement of  the right DLPFC and

bilateral IPLs during both the early adaptation period and spatial

working memory task, suggesting the use of SWM  processes to

resolve the mental rotation aspects of visuomotor adaptation [12].

The current work provides more direct evidence regarding the role

of spatial working memory processes during the early stages of

visuomotor adaptation.

The present findings are congruent with a  limited-resource

model of  executive function, similar to the proposal put forth by

Persson et  al. [18]: higher cognitive processes are resource limited

and can be temporarily depleted, affecting performance on sub-

sequent tasks that rely upon these depleted faculties. While the

resource depletion approach was  previously evidenced by stud-

ies examining the suppression of stereotypes, negative attitudes,

and self-regulation [32,33] as well as interference resolution [18],

we have now extended its use to the study of motor learning

dependent upon spatial working memory processes. We  have pro-

posed that motor error information loaded into spatial working

memory may  be used to  update the mapping between visual and

motor space for subsequent actions [12,13].  A participant in  this

paradigm must recall the original, veridical visuomotor map, men-

tally rotate this map  with their spatial working memory resources,

and then use this updated mapping on subsequent movements. In

the current experiment, the depletion of spatial working memory

resources may  have negatively affected this process, resulting in

slower visuomotor adaptation. Thus, the rate of visuomotor adapta-

tion is  dependent on an individual’s moment-to-moment cognitive

status, including spatial working memory resource availability.

4.2. Augmentation of (spatial) working memory and visuomotor

adaptation

Dual n-back training did not have a beneficial effect on visuo-

motor adaptation performance; more specifically, the rate of early

visuomotor adaptation did not  benefit from cognitive training. The

lack of  transfer to  visuomotor adaptation performance was unex-

pected, given that the neural correlates associated with Gf are at

prefrontal and parietal regions [24] comparable to regions we have

previously reported to be active for both spatial working mem-

ory and visuomotor adaptation tasks [12]. However, transfer to  a

non-learned task following training is  believed to be  limited by the

amount of direct neural overlap between the underlying processes

that mediate both tasks [19].  While previous work has shown that

the right DLPFC is  activated during this n-back task[34],  how activ-

ity changes at this and other neural regions engaged during this

particular n-back task following training have not  been measured.

Therefore, the degree of overlap between neural regions engaged

for this task and the visuomotor adaptation task is  unknown.

Instead, these findings appear to be more consistent with the

idea that participants had already reached their respective capaci-

ties regarding the allocation and/or engagement of spatial working

memory resources for motor learning improvements. Although

working memory training had an effect on a  measure of general

working memory capacity (operation span), it did not lead to a

significant improvement in  performance of the card rotation task.

This suggests the possibility that either the visuospatial processes

needed for card rotation were not sufficiently taxed with NB train-

ing, or  that this training did not generalize its benefits to mental

rotation abilities. Indeed, the n-back training task did not  involve a

spatial transformation component as  in  the card rotation and spa-

tial working memory fatigue protocol, which is a  limitation of  the

training paradigm in  trying to directly manipulate spatial work-

ing memory. Our previous work has shown that the association

between visuomotor adaptation and spatial working memory is

best evidenced by  the involvement of a comparable mental rota-

tion effect (in this case, 2-dimensional mental rotations for the card

rotation task and spatial working memory task), as performance of

a 3-dimensional mental rotation task did not  show a  significant

correlation [12]. One important aspect regarding the design of the

present study is that the visuomotor adaptation evaluation prior

to/following training was one of a number of tasks that participants

completed in  the course of a greater study testing the breadth of

transfer following the n-back working memory training. That is, the

evaluation of  visuomotor adaptation following this type of  training

was a  part of a  larger, prescribed training study which prevented us
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from incorporating aspects of mental rotation in a  more direct fash-

ion, which we  acknowledge is  an inherent limitation of  the present

study.

However, this particular cognitive training paradigm has shown

broad transfer abilities to  both near and distant (i.e. visuospatial)

domains such as  matrix reasoning [1,31] that suggested the pos-

sibility of boosting these spatial working memory resources. This

interpretation agrees with the modest gains observed on most of

the cognitive measures tested after training, unlike the visuomotor

adaptation task. Thus, training-related gains in visuomotor adap-

tation performance would not materialize in this setting given that

these participants were already at capacity with respect to working

memory faculties, and the breadth of the training did not  generalize

to 2-dimensional mental rotation abilities. However, the observed

pattern of  results is  not unexpected if one considers that spatial

working memory capacity may  not be the only potential limiting

factor regarding the rate of visuomotor adaptation.

There are several other processes that contribute to the under-

lying mechanisms engaged during visuomotor adaptation, such as

spatial attention [8,10],  error detection [35,36],  and motor planning

[37,38], among others. The possibility exists that the modulation of

any of these processes would also lead to changes in the rate of

visuomotor adaptation. Future studies that manipulate these other

components could extend the present findings and provide a  more

thorough characterization of visuomotor adaptation processes.

Another potential reason for the absence of  training transfer to

visuomotor adaptation gains may  involve the role of explicit cog-

nitive strategies. The transfer of  training gains to an unlearned task

has been shown to be facilitated by the use of explicit strategies

[39]. This notion has been exploited by several previous cogni-

tive training studies [40–43],  as  practice alone does not always

lead to the development of effective performance strategies [44].

Indeed, our  recent work has demonstrated that an explicit strategy

can provide rapid performance improvements during sensorimotor

adaptation [7].  While implicit aspects of sensorimotor adaptation

have been suggested to override explicit strategies [38],  recent

work has demonstrated that certain strategic processes may  be

able to work in concert with the implicit effects of sensorimotor

adaptation [45]. Cognitive instruction that matches the adapta-

tion process may  facilitate visuomotor adaptation following n-back

training; however, in the present study cognitive benefits that

generalized from training were not directly transformed into an

explicit approach for visuomotor adaptation. Thus, in  summary, the

integration of the observed cognitive training benefits for visuomo-

tor adaptation may  have been precluded in  part by: (i)  participants’

reliance on spatial working memory during visuomotor adaptation

already being at a ceiling level, and/or (ii) the implicit nature of

visuomotor adaptation.

A final caveat regarding the cognitive training findings involves

the amount of effort put forth by participants during the post-

visuomotor adaptation testing. Motivation has been shown to play

a critical role as  evidenced through both  behavioral and neural mea-

sures during n-back tasks [46–48],  engaging a  distributed network

comprising the DLPFC, the superior parietal lobule, and precen-

tral regions. Most related to the present study, Jaeggi et al. [46]

suggested that the activation patterns observed at these regions

were affected when participants were not trying to achieve their

best performance. In this case, the load-dependent activations were

believed to  represent a  more global network that involved moti-

vation [49,50] with respect to strategic task processing. In the

present study, both motivation and engagement declined across

training for each group, with the NB group showing overall less

motivation than the KT group (p <  .05). However, the equivalent

decline in training engagement suggests that while NB participants

arrived at training with less motivation, they still gave a  similar

effort as the KT group during training. There is evidence for this

in  the present study when comparing pre- and post-baseline per-

formance, as  movements under veridical feedback should not have

differed or become worse following training. Likewise, there was

no correlation between the change in motivation and change in the

rate of learning from pre to post. In addition, despite declines in

motivation and engagement, NB participants still exhibited train-

ing related gains and also showed transfer to other measures of

working memory.

5.  Conclusions

The present findings extend the correlational nature of our

previous work [12] as  the fatiguing of spatial working memory

resources affected the rate of visuomotor adaptation. A five-

week cognitive training intervention targeting working memory

resources had no effect on the rate of visuomotor adaptation, sug-

gesting that spatial working memory resources (i) were already at

capacity prior to training and (ii) may  not be the rate-limiting fac-

tor of visuomotor adaptation in  young adults. In summary, these

findings suggest that augmenting the rate of sensorimotor adap-

tation not only requires the direct engagement of spatial working

memory resources, but may  also benefit from the incorporation of

explicit strategies in  a manner that is  congruent with the adaptation

process.
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