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Does intensive training on a working memory task cause
systematic changes in effective connectivity within fronto-parietal and extrastriate brain 

networks?

IInnttrrooduducctiontion

Experimental designExperimental design

Training on working memory tasks improves performance on the task itself and results in changes in fMRI and 
DTI-based measures, whose effects localize to fronto-parietal brain regions - implicated in working memory 
and short-term memory (STM) performance (Olesen et al., 2004; Dahlin et al., 2008; Takeuchi et al., 2010).

Location STM taskLocation STM task

Experimental: Adaptive dual n-back Experimental: Adaptive dual n-back (n=15; 
based on Jaeggi et al., 2008; using Brain Work-
shop http://brainworkshop.sourceforge.net/) 

Psychometric Measures:Psychometric Measures:
1.  STM capacity (K value) derived from color-in-location STM task.  
2.  Raven’s Advanced Progressive Matrices score (RAPM; Raven, 1990)
3.  Operation Span score (OPAN; Turner & Engle, 1989)
4.  Stroop task performance (Stroop, 1935)
5.  Search efficiency from visual search task (Wolfe, 1994)

TMS/EEG measures:TMS/EEG measures:
TMS targeted with MRI-guided stereotaxy.  Recorded with a 60-channel TMS-compatible amplifier (Nexstim, Helenski, 
Finland). Sample-and-hold circuit holds amplifier output constant from 100 us to 2 ms post-stimulus.  Data were ac-
quired at 1450 Hz, downsampled to 500 Hz and filtered (0.1-80 Hz) offline.  All data processing was done with a combi-
nation of MATLAB (Mathworks, Inc), EEGLAB and ERPtoolbox (USCD) and, Fieldtrip (Donders Institute, Nijmegen).  Data-
driven, effective connectivity analysis method follows Casali et al., 2010:  measure is Significant Current Density (SCD)
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ResultsResults
TrainingTraining

Working memory training transferred to STMWorking memory training transferred to STM. No significant training transfer to complex span (OSPAN), fluid intel-
ligence (RAPM), interference control (Stroop task), and behavioral search efficiency (derived from visual search 
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Pre-Post Event-Related Potential Measures (Scalp EEG)Pre-Post Event-Related Potential Measures (Scalp EEG)

Pre-Post STM Effective Connectivity with SPL (TMS-EEG)Pre-Post STM Effective Connectivity with SPL (TMS-EEG)

Measuring effective connectivity using TMS (A) TMS was targeted to left superior parietal lobule (SPL) of each sub-
ject. (B) The pre-training TMS-evoked response in source space for left SPL showed no difference between groups. (C) 
Training improved performance on location STM task for Load 4 (versus 2), for Experimental, but not Control group (D) 
SCD across all brain regions for a representative Experimental subject pre- and post-training.  Mean SCD derived from 

10-500 ms post-TMS.

2

4

6

8

10

12
BA 9R

2 4Memory Load

Memory load specific effects: Memory load specific effects: 
Training resulted in increased 
connectivity beween SPL and 
dorsal prefrontal as well as pari-
etal areas for high versus low 
(subcapacity) loads in Experimen-
tal group relative to Control.  (A) 
Change in SCD for one represen-
tative area shown.  (B) All regions 
with described effect (Group X 
Session X Load interaction) plot-
ted in orange. 
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2 4Memory Load

Across memory loads: Across memory loads: Training re-
sulted in decreased connectivity be-
tween SPL and posterior parietal, ex-
trastriate, and primary visual areas in 
Control group, and increased con-
nectivity in Experimental group. (A) 
Change in SCD for one representa-
tive area shown.  (B) All regions with 
described effect (Group X Session 
interaction) plotted in orange.
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1. SPL effective 
connectivity

with “upstream 
regions”

2. SPL effective 
connectivity 

with frontoparietal 
control network
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2 patterns of working memory training effects:2 patterns of working memory training effects:

A B

A B

Both groups improved with 
training. Learning on n-back task 
well fit by power law (mean adj R  

=0.81). Control group perfor-
mance did not fit well to power 

function (mean adj R  =0.49), and 
thus was fit to a linear function 

(mean adj R  =0.75).
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Change in CDA amplitude correlated with 
pre-training K across groups

Change in K correlated with 
training gain for Experimental group

STM capacity (K) improved with 
training for Experimental group
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predicted Experimental training gainpredicted Experimental training gain
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Left Brodmann Area 8

Change in SPL-to-prefrontal Change in SPL-to-prefrontal 
connectivity predicted Experimental connectivity predicted Experimental 

training-related change in performancetraining-related change in performance
 on location STM task  on location STM task 
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Left Brodmann Area 39

Change in SPL-to-posterior parietalChange in SPL-to-posterior parietal
 connectivity predicted Experimental  connectivity predicted Experimental 

training-related change in CDA amplitudetraining-related change in CDA amplitude
 (between loads 4 and 2) (between loads 4 and 2)

Neural marker of STM capapcity (the CDA; Vogel and Machizawa, 2004), derived from color-in-location STM task, de-
creased with training. Parallel far transfer of training to the CSA (derived from visual search, with no overt memory compo-
nent). (Subplot) Working memory training-related change in CDA correlated with training-related change in CSA.
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