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ABSTRACT 

 

Working memory training causes functional adaptations in the brain, which include 

changes in activation and functional connectivity that remain stable over time. Few 

studies have investigated gray matter (GM) changes after working memory training, and 

they have produced heterogeneous results without clarifying the stable effects of training. 

The present study was designed to test for sustained and transient anatomic changes after 

only 200 minutes of working memory training. The voxel-based morphometry technique 

was used in order to investigate the GM changes produced by a brief single n-back 

training, immediately and 5 weeks after finishing it. The sample was composed by 59 

human participants who underwent MRI scanning and were assigned to either a training 

group or a passive control group. Results showed sustained GM volume enlargement in 

the right superior parietal cortex and a transient GM decrease in the right putamen. The 

brain adaptation in the right superior parietal cortex was stronger in individuals who 

showed greater improvements in performance. The results provide further evidence that 

a brief working memory training is able to produce brain plasticity in structures related 

to the trained task.  

 

KEYWORDS 

 

Brain plasticity; CAT12; gray matter changes; n-back; voxel-based morphometry; 
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1. Introduction  

 

Numerous behavioral studies have demonstrated that working memory training leads to 

improvements on the trained tasks (Klingberg, 2010). Neuroimaging investigations using 

MRI, which have been less extensive, have provided evidence of different cerebral 

modifications after working memory training. Activation changes in working memory 

brain areas have been reported, as well as an enhancement of the functional connectivity 

between them during the task and even in a resting-state (Constantinidis & Klingberg, 

2016). However, less is known about local anatomic changes after training. The present 

manuscript aims to investigate whether a brief working memory training leads to 

immediate and stable changes in gray matter (GM) volume in areas previously related to 

task performance.  

 

As has been well-established, the n-back is the most widely used task in neuroimaging 

studies of working memory training. Both the single and dual versions of the task have 

been used in training designs, and both have shown their efficacy in improving the 

accuracy and time reactions in the trained participants (Jaeggi et al., 2010; Küper & 

Karbach, 2016; Soveri et al., 2017). In short training periods, single n-back was more 

effective than dual (Küper & Karbach, 2016). After working memory training, the 

activation changes were usually present in brain areas that were already activated during 

the working memory task before training (Constantinidis & Klingberg, 2016). The 

association areas of the prefrontal cortex (i.e. superior middle frontal cortex (BA 6) or 

dorsolateral prefrontal cortex (DLPFC; BA 9, 46)) and parietal cortex (i.e.  posterior 

parietal cortex (BA 7, 40)) are the most consistently involved areas after training, in most 

cases showing a reduced contribution to task performance after training (see Buschkuehl, 

Jaeggi, & Jonides, 2012, for a review). Literature also suggests that working memory 

training increases functional connectivity between the prefrontal and parietal cortex, 

improving the capacity of a stimulus-encoding network (Durstewitz et al., 2000; Edin et 

al., 2009). All this evidence suggests that intense working memory practice increases the 

integrity and efficiency of frontoparietal networks. A second focus of interest is the 

striatum and the dopaminergic system. Several studies have described increases in the 

activation of the striatum (specifically in the putamen) linked to working memory training 

(Dahlin, Neely, Larsson, Bäckman, & Nyberg, 2008; McNab & Klingberg, 2008; 

Salminen, Kühn, Frensch, & Schubert, 2016), with an inhibitory role that helps in the 



 4 

regulation of information flow (Kühn et al., 2013; McNab & Klingberg, 2008). In 

addition, studies using positron emission tomography (PET) have demonstrated changes 

in the dopaminergic system as a result of this training (Backman et al., 2011; McNab et 

al., 2009). According to Constantinidis and Klingberg (2016), the role of the striatum 

does not seem to be crucial in working memory functions, but it could serve to facilitate 

plasticity in frontoparietal networks. This role of the striatum is especially developed 

during the first week of training (Kühn et al., 2013).  

 

If there are activation and functional connectivity changes after training, it seems 

reasonable to hypothesize that they may be accompanied by structural changes in related 

brain areas. Prior studies have demonstrated training-related anatomic changes in other 

cognitive and motor domains. Specifically, increased GM volume or white matter density 

in diverse cerebral areas has been observed after training in physical skills (i.e. juggling) 

(Draganski et al., 2004), language (Golestani et al., 2002; Golestani & Pallier, 2006; Ilg 

et al., 2008; Mårtensson et al., 2012; Stein et al., 2012), memory (Draganski et al., 2006; 

Engvig et al., 2010), or music skills (Bengtsson et al., 2005; Gaser & Schlaug, 2003a & 

2003b; Hyde et al., 2009; Palomar-García, Zatorre, Ventura-Campos, Bueichekú, & 

Ávila, 2017; Sluming et al., 2002). Cerebral areas affected by the training vary depending 

on the ability trained, ranging from, for example, the mid-temporal area and the left 

posterior intraparietal sulcus in juggling (Draganski et al., 2006) to the left 

insula/prefrontal cortex, the inferior parietal cortex (Golestani & Pallier, 2007), and the 

hippocampus (Mårtensson et al., 2012) in language.   

 

Regarding structural changes specifically after working memory training, research has 

been scarce. A review reported that working memory capacity positively correlated with 

regional GM and white matter volume in frontal and parietal regions in different clinical 

populations (i.e. stroke or multiple sclerosis) (Takeuchi, Taki, & Kawashima, 2010). 

Longitudinal studies that employed morphometry and cortical thickness measures have 

not obtained a common pattern of results (Brooks et al., 2016; Colom et al., 2016; Lawlor-

Savage et al., 2019; Metzler-Baddeley et al., 2016; Takeuchi et al., 2011). For example, 

Takeuchi and colleagues used voxel-based morphometry (VBM) to investigate structural 

changes in the brain after about 20 hours of working memory training. After all that 

specific training, they found decreases in GM volume in the bilateral DLPFC, bilateral 

parietal lobe, and left superior temporal gyrus. However, they did not find relationships 
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between the frontoparietal clusters and performance (Takeuchi et al., 2011). Another 

investigation also utilized VBM to study structural changes after working memory 

practice in a group of methamphetamine (MA) ex-abusers. The MA group was divided 

into two: one received treatment as usual (TAU) and the other received TAU and, 

additionally, trained 5 times a week for 4 weeks on an n-back task. Results yielded 

increased GM volume in the bilateral basal ganglia and reduced GM in the bilateral 

cerebellum in the group that performed the n-back training (Brooks et al., 2016). 

Furthermore, Colom and colleagues (2016), also using VBM, found increased GM 

volume in the left posterior cingulate cortex, the right cerebellum, and the right temporal 

lobe after an adaptive dual n-back training. They compared a trained group that completed 

12 weeks (30 min twice a week) of dual n-back training with a passive control group. 

However, these authors failed to relate the psychological improvements in the training 

group with the structural GM changes (Colom et al., 2016). The use of different 

procedures and methodological strategies may explain these differences. Moreover, a 

general gap in longitudinal training studies involves the need to determine the stability of 

structural changes over time.  

 

By means of a longitudinal VBM study, this work analyzed the brains of a sample of 

healthy adults before training, after 4 days of training on an adaptive version of single n-

back training, and five weeks after finishing the training. Our previous study showed that 

this training improved n-back performance, in terms of accuracy and response speed, until 

5 weeks after training, and it was accompanied by a decrease in the activation in 

frontoparietal areas (Miró-Padilla et al., 2019, 2020). Obtaining MRI structural data at 

three time points would allow us to investigate sustained and transient GM volume 

changes. We hypothesized that sustained GM changes would be present in frontoparietal 

areas as a result of the continuous use of these cortical areas during training and the 

maintenance of behavioral improvements. Moreover, transient changes after training 

would be observed in the striatum due to its role in facilitating cortical plasticity, even 

though this structure does not directly participate in working memory processes or in its 

improvement (e.g., the striatum is not involved in information maintenance / updating).  
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2. Methods 

 

2.1. Participants 

 

In the present study, 59 healthy right-handed individuals (20 male) participated. All were 

recruited from the student population of the Universitat Jaume I, and none of them 

reported a previous psychiatric or neurological diagnosis. The Ethical Committee of 

Universitat Jaume I approved the research project, and each subject gave his/her informed 

consent before participation. For their active participation, they received monetary 

compensation. Participants were randomly assigned to either an experimental condition 

(trained group) (N=30, mean age=22.97±1.5, 13 men) or a control condition (control 

group) (N=29, mean age=22.55±1.4, 12 men). The Matrix Reasoning Test (Wechsler 

Adult Intelligence Scale (WAIS) III-R) was used to evaluate their intellectual level 

(trained group: mean=21.07±3.24; control group: mean=21.72±1.98). Between-group t-

student tests (or two sample t-test) were made in order to assess differences in gender 

distribution, age, and IQ. Results showed that differences were non-significant.  

 

2.2. Experimental Design 

 

The experimental design (Figure 1) used in the present work was reported in Miró-Padilla 

et al. (2019), which was focused on studying behavioral and task-fMRI brain changes 

produced by the trained task (n-back). Three identical fMRI sessions were performed by 

both groups with the same adapted block-design n-back task. The trained group trained 

for 200 minutes on an adaptive n-back task between the two first scanner sessions. The 

first training session took place two days after the first fMRI session. The control group 

did not perform any cognitive or motor training. The groups did not have any training 

between the two last sessions. The pre-training session, post-training session, and follow-

up session corresponded to Session 1 (S1), Session 2 (S2), and Session 3 (S3), 

respectively. Letters were used as visual stimuli, presented on the computer with the 

professional version 2.0 of E-Prime software (Psychology Software Tools, Pittsburgh, 

PA), installed in a Hewlett-Packard portable workstation (screen-resolution 800 x 600, 

refresh rate of 60 Hz). Through MRI-compatible goggles (VisuaStim, Resonance 

Technology, Inc., Northridge, CA, USA), subjects watched the laptop screen, and their 
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responses were collected via MRI-compatible response-grips (NordicNeuroLab, Bergen, 

Norway). 

 

Figure 1: Schematic description of the organization of the experiment. The experiment 

was performed by both groups equally in the three fMRI sessions. In the three fMRI 

scans, the anatomical data and task-fMRI acquisition data were acquired. Between the 

first two fMRI sessions, the trained group completed 4 sessions, a total of 200 minutes, 

of a training task outside the scanner, and the control group did nothing. Training 

consisted of an adaptive single n-back task. Training group data correspond to the circles, 

and control group data correspond to the squares.  

 

 

 

 

 

 

 

 

2.2.1. N-back fMRI task 

 

Three load levels were used to present the task: two working memory blocks (2-back and 

3-back) and a baseline control task (0-back). Participants responded “yes” on the 0-back 

when the letter X (the target) appeared on the screen and “no” when there were no targets. 

On the working memory blocks, when the current letter shown on the screen matched the 

one presented 2 or 3 items back, subjects responded “yes”; and they responded “no” to 

any other letters. Using their right hand, participants gave manual responses, responding 

to targets with their thumb and to non-targets with their forefinger. The E-Prime's logfile 

saved each participant’s accuracy and reaction time (RT) to each stimulus.  

 

2.2.2. N-back training task 

 

Four consecutive training sessions (TS) of single n-back were conducted by the trained 

group after fMRI S1 in our laboratory located at the university. Participants performed 

only one TS per day that lasted 60 minutes and was distributed in two phases. In the first 

phase, participants performed an adaptive n-back paradigm adapted from Jaeggi et al. 
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(2008) for 50 minutes, whereas in the second part, they performed a simple n-back task 

that lasted 10 minutes. Their results on this test were useful for evaluating their progress 

on n-back. Therefore, the total training time was approximately 200 minutes, plus 40 

minutes for the second part. We used the same laptop as in the fMRI sessions, with the 

same display features and the same hardware for manual responses. Further details about 

the n-back fMRI and the training task design are reported in our previous study (Miró-

Padilla et al., 2019) and can be found in the Supplementary Information. 

 

2.2.3. Accuracy and RT analyses 

 

IBM SPSS Statistics software (version 25) was utilized to process the behavioral data: 

accuracy (correct answers – false alarms) and RTs for participants’ performance. An 

analysis of variance (2x3x3 ANOVA) with Group (training x control) as the between- 

subjects factor and Load Level (0-back vs. 2-back vs. 3-back) and Session (1 vs. 2 vs. 3) 

as within-subject factors was performed. With the data from the testing section of the 

training, a repeated-measures 2x4 ANOVA was performed, and Load Level (2-back vs. 

3-back) and Training Session (1 vs. 2 vs. 3 vs. 4) were used as within-subject factors. The 

statistical significance threshold for the analysis was set at p<.05. 

 

2.3. Neuroimaging data acquisition 

 

The same sequences were used in the three sessions, performed with a 1.5T Siemens 

Symphony scanner (Erlangen, Germany), in order to collect the anatomical and functional 

MRI data. First, a high-resolution structural T1-weighted MPRAGE sequence was 

acquired (TR = 2200 ms; TE = 3 ms; flip angle 90º, matrix = 256 x 256 x 160; voxel size 

= 1 x 1 x 1 mm). Finally, for task-fMRI, a gradient-echo T2*-weighted echo-planar MR 

sequence covering the entire brain was used (TR/TE=2500/49ms, matrix=64x64x28, flip 

angle = 90°, voxel size=3.5x3.5x4.48; slice thickness = 4 mm; slice gap = 0.48 mm). A 

total of 260 volumes were recorded for n-back. All the scanner acquisitions were 

performed in parallel to the anterior commissure-posterior commissure plane (AC-PC), 

and they covered the entire brain. Participants were placed in a supine position in the MRI 

scanner, and their heads were immobilized with cushions to reduce involuntary motion. 

Furthermore, participants were asked to minimize head movement, even while giving the 

answers.  
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2.4. Neuroimaging analysis  

 

2.4.1. Voxel-Based Morphometry Preprocessing 

 

Voxel-based morphometry (VBM) was performed with the Computational Anatomy 

Toolbox (CAT12; v1184; http://dbm.neuro.uni-jena.de/cat/) for the Statistical Parametric 

Mapping (SPM12) package (v6906; Wellcome Department of Imaging Neuroscience, 

London, England; www.fil.ion.ucl.ac.uk/spm/) in the MatLab 2015b environment 

(www.mathworks.com). First, each subject’s anatomical image was reoriented to the AC-

PC plane to have the same point of origin (anterior commissure). Then, the standard 

preprocessing procedure using the Segment Longitudinal Data module in the CAT12 

manual was performed. The analysis of the longitudinal data requires customized 

processing that takes into account the characteristics of the intra-subject analysis. The 

preprocessing included: 1) registration to the mean image for each subject by an inverse-

consistent realignment; 2) registration to a standard template provided by the 

International Consortium of Brain Mapping (ICBM); 3) segmentation of the images into 

GM, white matter, and cerebrospinal fluid; 4) DARTEL normalization of the GM 

segments to the Montreal Neurological Institute (MNI) template; and 5) modulation by 

the “affine + nonlinear” components derived from spatial normalization. After the 

preprocessing, the total intracranial volume (TIV) was estimated for each subject in each 

session, and a data quality check was carried out using a CAT12 toolbox (VBM data 

homogeneity) to assess the homogeneity of the GM tissues. No outliers were identified. 

Finally, images were spatially smoothed using an 8-mm FWHM Gaussian kernel. 

 

2.4.2. Voxel-Based Morphometry Post-Processing Analysis 

 

For the VBM analysis, we used the CAT12 for all the statistical analyses of interest within 

the framework of the general linear model. For all analyses, age and TIV were included 

as covariates. Sex was not included in the analyses due to its high collinearity with TIV. 

The threshold masking used was 0.1, whereas we also applied the SPM’s non-stationary 

smooth correction. The GM volume of the control group was compared to that of the 

trained group across the sessions. Due to the non-directional nature of our hypotheses, 

the statistical inference in SPM analyses was two-sided. Following recent 

recommendations by Chen et al. (2019), we established an uncorrected voxel-level 
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threshold at p<0.0005. Then, FWE correction at the cluster-level was achieved by 

selecting those clusters with a p<0.025 FWE. The FWE correction is based on the random 

field theory (RFT).  All the statistical analyses were done at the whole-brain level, 

including cortical and subcortical areas, as well as, the cerebellum. First, S1 data were 

used to perform a two-sample t test to examine the equality of the GM volume in the two 

groups, so that between-group brain differences found in subsequent sessions would not 

be due to preexisting differences. Then, longitudinal whole-brain analyses were 

performed, specifically using interaction analyses between sessions and groups to 

evaluate transient and sustained changes. On the one hand, transient changes due to 

training that were recovered in the long-term were investigated using a polynomial 

quadratic contrast (Trained group (S1, S3 vs. S2) vs. Control group (S1, S3 vs. S2)). On 

the other hand, two different requirements were used to determine sustained changes in 

GM volume due to training: 1) changes should be produced at S2 and must be observed 

in the S1 vs S2 contrast; 2) changes should be stable at S3 and must be observed when 

comparing S1 to the average of S2 and S3 (Trained group (S1 vs. S2, S3) vs. Control 

group (S1 vs. S2, S3)). Stable changes will be observed when an overlap occurs between 

brain areas obtained in both contrasts. 

 

In addition, the possible relationship between the improvement in the working memory 

task (i.e., improvement in accuracy and RTs) and the changes in GM volume was tested. 

The GM volume (in ml) from the clusters of regions with statistically significant GM 

volume changes after the training was calculated at the individual level. To do so, the 

modulated GM volumes (without smooth) were obtained for each structure via a MatLab 

script (http://www0.cs.ucl.ac.uk/staff/g.ridgway/vbm/get_totals.m). To obtain the GM 

volume change, we calculated the difference in milliliters (ml) in the same way as in the 

aforementioned contrasts, that is, by comparing the GM volume of S1 to the average of 

S2 and S3 ([S1 – ((S2+S3)/2)]) and the GM volume of S2 to the average of S1 and S3 

([S2 – ((S1+S3)/2)]) in the clusters with significant changes. Next, to study the brain-

behavior relationships, linear bivariate Pearson’s correlation analyses were conducted, 

using IBM SPSS Statistics (version 25), by taking the GM volumes extracted from the 

VBM’s significant clusters and the improvement in the n-back fMRI and n-back training 

scores. To perform the correlation analyses with the GM volume, we obtained the n-back 

performance improvement by calculating the difference across sessions – from S1 to S2 

and S3 – in mean accuracy (number of correct answers) and in RT averages. The 
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following formulas were applied: [S2(or S3) – S1] for accuracy and [S1 – S2(or S3)] for 

RT averages. In the case of the training data, we used: [TS4 – TS1] for accuracy and [TS1 

– TS4)] for RT averages. The formula was applied three different times: with the averaged 

2-back and 3-back levels together (named n-back accuracy or n-back RTs) and with 2-

back and 3-back separately.  

  

3. Results 

 

The data, sample, and part of the methodology used in the present study are the same as 

in Miró-Padilla et al. (2019, 2020). The former study was focused on studying behavioral 

and task-fMRI brain changes due to the trained task (n-back), whereas the latter study 

focused on the transfer effects from the transfer task (PASAT). The behavioral results 

reported in the present analyses consist of additional participants that were not included 

in those prior analyses. Therefore, the behavioral results differ a little and have been 

explained accordingly. 

 

3.1. Accuracy and RT results 

 

3.1.1. N-back behavioral fMRI results 

 

The analyses of variance were conducted separately for accuracy and for RTs. On the one 

hand, the accuracy analysis (Figure 2) showed that all the participants improved their 

performance in S2 and S3, compared to S1, as indicated by the main effects for Session 

(F(2,55) = 28.76 p<.001; ηp
2 = .51) and Load Level (F(2,55) = 41.81 p<.001; ηp

2 = .6). These 

main effects were driven by significant Group x Session (F(2,55) = 10.07 p>.001; ηp
2 = 

.27), Load Level x Session (F(4,53) = 9.92 p>.001; ηp
2 = .43), and Load Level x Group 

(F(2,55) = 5.39 p=.007; ηp
2 = .16) interactions. In the same way, the Load Level x Session 

x Group interaction reached significance (F(4,53) = 4.26 p=.005; ηp
2 = .24), indicating that 

the trained group became more accurate in S2 and S3 than the control group when 

performing the 2-back and 3-back load levels. On the other hand, the analysis of the RT 

scores (Figure 2) also revealed significant main effects for Session (F(2,56) = 57.34 

p<.001; ηp
2 = .67) and Load Level (F(2,56) = 81.13 p<.001; ηp

2 = .74). In S2 and S3, both 

groups responded faster, on average, than in S1. Moreover, both responded faster, on 
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average, at the 0-back load level compared to the 2-back load level, and faster, on average, 

at the 2-back load level compared to the 3-back load level. Significant two-way 

interactions were obtained for the Group x Session (F(2,56) = 31.91 p<.001; ηp
2 = .53), 

Group x Load Level (F(2,56) = 4.82 p=.012; ηp
2 = .15) and Load Level x Session (F(4,54) = 

32.47 p<.001; ηp
2 = .71) interactions. Notably, all these significant effects were qualified 

by the three-way Load Level x Session x Group interaction, and the effect size observed 

for this interaction was large (F(4,54) = 11.01 p<.001; ηp
2 = .45). As expected, this 

interaction indicated that the training group, compared to the control group, was faster, 

on average, in S2 and S3 at the 2-back and 3-back load levels. 

 

Figure 2: Results of the n-back behavioral analysis. Accuracy (correct answers – false 

alarms) and mean RTs (in milliseconds) per session have been plotted as a function of 

time. Pre-training session, post-training session, and follow-up session correspond to 

Session 1, Session 2, and Session 3, respectively. Training group data correspond to the 

green bars, and control group data to the blue bars. Error bars represent standard error. 
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3.1.2. N-back behavioral training results 

 

The accuracy and RTs (see Table 1 for means and standard deviations) of the test part of 

the training were used to perform a repeated-measures 2x4 ANOVA. Regarding accuracy, 

the analysis showed significant effects for the training session (F(3,27) = 6.57 p=.002; ηp
2 

= .42) and the n-back level or load (F(1,29) = 11.99 p=.002; ηp
2 = .29). As expected, the 

performance on the n-back task improved significantly and progressively after each TS 

at both the 2-back and 3-back levels. In the case of the RT values, results revealed a 

statistically significant effect of the training session (F(3,27) = 11.32 p<.001; ηp
2 = .56), 

indicating that participants’ RTs, on average, declined significantly as the TS progressed. 

The overall results indicate that trained participants steadily improved their accuracy as 

they accumulated the 200 minutes of training. 

 

Table 1: Mean (M) and standard deviations (SD) values for the accuracy scores (correct 

answers – false alarms) and for the RTs (in milliseconds) across the four training sessions 

performed by the Training group after each training session (these data were obtained 

from the n-back test task).  

 

TS Accuracy RTs 

 2-back 3-back 2-back 3-back 

 M SD M SD M SD M SD 

1 28.61 1.14 27.71 1.39 448.84 88 431.51 87.52 

2 28.76 1.03 28.04 1.61 402.90 56.33 397.04 76.8 

3 28.88 .87 28.65 1.32 388.27 49.49 387.6 85.27 

4 29.08 .99 28.52 1.58 380.33 48.11 383.59 75.33 

*TS = Training session; RTs = Reaction times; M = Mean; SD = Standard Deviation  

 

3.2. Voxel-Based Morphometry Results 

 

The data collected in S1 were used to perform a two-sample t test analysis in order to 

identify possible basal differences in GM volume between the two groups before training. 

The results showed no statistically significant differences. Consequently, we ruled out the 

possibility that differences between groups in subsequent sessions were due to preexisting 
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differences. The threshold was p<.025 FWE, cluster-corrected using a threshold of 

p<.0005 at the uncorrected voxel level. 

 

The sustained effects of training were determined from brain areas that were significant 

and overlapped after applying these two contrasts: S1 vs S2 and S1 vs S2, S3 (p<0.025 

FWE cluster-corrected, in both cases). Results showed a stable increment in GM volume 

in the trained group in comparison with controls in the right superior parietal cortex 

(RSPC; Figure 3AB). On the one hand, for the Trained group (S2>S1) > Control group 

(S2>S1) contrast, the MNI coordinates for the maximum were x = 20, y = -59, and z = 

69, the Brodmann areas (BA) corresponded to 3, 2 and 5, and, lastly, the Z and T values 

were 5.02 and 5.34, respectively. On the other hand, for the Trained group (S1<S2, S3) 

> Control group (S1<S2, S3) contrast, the MNI coordinates for the maximum were x = 

15, y = -41, and z = 72, BA = 3, 5 and 7, Z-value = 4.19 and T = 4.38. The reverse 

contrasts yielded no statistically significant effects. 

 

Transient changes due to training were studied using a polynomial contrast. This analysis 

assessed the GM volume changes after training that did not remain stable. Therefore, 

increases or decreases in GM volume were sought, comparing the brain state right after 

training (S2) to the GM volume before training (S1) and five weeks after training (S3). 

The contrast Control group (S1, S3>S2) > Trained group (S1, S3>S2) yielded a 

significant difference in the right putamen (Figure 3), consisting of a volume decrease in 

the trained group compared to the control group. In this case, the MNI coordinates for the 

maximum were x = 39, y = -26, and z = 5, BA 48, Z-value = 4.75, and T = 5.03. The 

opposite contrast did not yield any statistically significant differences. 

 

Figure 3: (A) Brain areas with GM volume changes in the trained group after performing 

specific brief n-back training. Stable training effects [in yellow; Trained group (S1<S2, 

S3) > Control group (S1<S2, S3)] yielded a significant GM volume enlargement in the 

RSPC; and Transient changes [in blue; Control group (S1, S3>S2) > Trained group (S1, 

S3>S2)] showed a significant GM volume decrease in the right putamen. Both changes 

were observed in the trained group, compared to the control group. Results were p<0.025 

FWE, cluster-corrected, using a threshold of p<0.0005 at the uncorrected voxel level and 

a cluster extension of k = 478 voxels and k = 561 voxels, respectively. Color bars 

represent t-scores. (B and C) GM volume (in ml) evolution across sessions in the two 

groups in the right superior parietal cortex (RSPC; B) and in right putamen (C). It can be 

observed that RSPC GM volume in trained group increase in S2 and remained stable in 
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S3 while the right putamen decreases in S2 and increase again in S3.  Bars show mean 

values for each group. S1, S2, and S3 correspond to pre-training, post-training, and 

follow-up sessions, respectively. Green bars correspond to the training group, and blue 

bars correspond to the control group. R= right. GM= gray matter. The asterisk indicates 

statistically significant group differences. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3. Correlation Analyses with performance 

 

The relationship between performance improvement (both accuracy and RTs) and the 

GM volume changes after training was studied by means of bivariate Pearson’s 

correlation analysis. The brain regions that changed their GM volumes after training were 

used as regions of interest (ROIs): the RSPC for the stable change and the right putamen 

for the transient change. Finally, two variables were created representing the GM volume 

changes studied before: 1) Stable change: [S1 – ((S2+S3)/2)]; 2) Transient change: [S2 – 

((S1+S3)/2)].  

 

On the one hand, the analysis of the sustained GM volume change found in the RSPC and 

the n-back fMRI improvements showed a significant positive correlation between the GM 

volume change in the RSPC and the improvement in RTs from S1 to S2 and from S1 to 

S3 in the trained group (see Figure 4 for values). This significant correlation was not 
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found in the Control group. The difference between these two correlation coefficients was 

statistically significant in the first case (Trained group > Control group, z = 1.76 p=.039 

one-tailed). On the other hand, the same significant positive relationship was found only 

in the trained group for RT improvements in S2 and S3, specifically at 2-back and 3-back 

load levels (Figure 4). At 2-back, the difference between these two correlation 

coefficients was statistically significant (Trained group > Control group, z = 1.86 p=.031 

and z = 2.05 p=.02 one-tailed). This means that participants with greater improvements 

in their RTs, responding more quickly in S2 and S3 than in S1, had more GM volume 

after n-back training in the RSPC. The sustained GM volume change in the RSPC also 

correlated with behavioral improvements in the n-back processing after training in the 

trained group. Analyses yielded a significant positive correlation between this area and 

the improvement in the last TS in: n-back accuracy (r25 = 0.46 p=.011), 2-back accuracy 

(r25 = 0.4 p=.027), 3-back accuracy (r25 = 0.37 p=.045), and 3-back RTs (r25 = 0.48 

p=.008). Finally, when analyzing the relationship between the cluster with decreased GM 

volume (transient changes) and task improvement, the analysis did not show any 

significant correlations between improvement on the task and the GM volume change in 

the right putamen. 

Figure 4: N-back reaction time (RT) improvement in session 2 (S2) and session 3 (S3) 

related to the sustained gray matter (GM) volume change (in ml) in the right superior 

parietal cortex (RSPC). Sustained GM volume changes in RSPC were positively 

correlated with n-back RT improvement in the trained group. A color scale based on t 

values is shown with yellow areas representing the sustained effect (i.e., regions with 

increased GM volume in trained participants; Trained group (S1<S2, S3) > Control 

group (S1<S2, S3)). In the scatter plots, the GM volume at RSPC is displayed for each 

subject, with circular green dots for the training group and blue diamond dots for the 

control group. The correlation coefficients and P values are presented next to each scatter 

plot.   
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4. Discussion 

 

Having previously observed that an adaptive 200 minutes of single n-back training 

improves behavioral performance and causes cerebral modifications, as indicated by the 

decrease in the activation in diverse brain areas involved in working memory on the 

trained and the transfer task (Miró-Padilla et al., 2019, 2020), we extend our previous 

work by investigating the GM volume changes after 200 minutes of an adaptive single n-

back training, using a new three-time point approach. In addition, the relationship 

between brain changes and behavioral improvement in task performance was 

investigated. Using the VBM method, we compared the GM volume of two groups 

(trained group and passive control group) before training, immediately after training, and 

after five weeks of no training. Using this new three-time point approach, we found two 

significant changes due to training. We first obtained a sustained increment in the GM 

volume of the right superior parietal cortex that positively correlated with performance 

improvement. We also found a transient reduction in GM volume in the right putamen. 
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Our results demonstrate that a brief and intensive n-back training causes GM volume 

changes in brain areas involved in working memory processing.  

 

As previously obtained in this sample, n-back training was associated with behavioral 

improvements and decreased brain activation in frontoparietal areas (Miró-Padilla et al., 

2019, 2020). Previous results also showed a sustained decrease in the activation of 

bilateral frontal and right parietal areas (including the RSPC) after training. Thus, the 

functional response in the main frontoparietal areas presumably participated actively 

throughout the training process. By contrast, the basal ganglia did not participate 

significantly in the task at baseline, and they did not change their functional activity after 

training. In addition, we found a positive relationship between the volume changes in the 

RSPC and the improvements on the n-back in the trained group after training, thus linking 

the anatomic changes with the behavioral improvement. This relationship was not found 

in the control group. 

 

Although GM changes in the frontal cortex were expected, in the present study no 

conclusive evidence was found in this cerebral region. However, consistent with our 

hypothesis, a sustained GM increase was found in the RSPC, a brain area with a 

prominent role in working memory. Functional changes in this area have been observed 

in comparable working memory training studies (Buschkuehl et al., 2014; Schneiders et 

al., 2011). Buschkuehl and colleagues (2014) also used a brief n-back training (less than 

3h) to observe the brain activation changes after the training. They reported a perfusion 

decrease in RSPC (BA 5) at rest in the post-training session, indicating that BA 5 is 

involved in working memory training and n-back task performance. The superior parietal 

cortex is not an essential area in the n-back task (Owen et al., 2005). However, several 

studies have reported that BOLD activation in this area is a good positive predictor of 

behavioral performance (DeYoung et al., 2009; Owens et al., 2018; Zou et al., 2013), and 

that changes in BOLD activity were positively correlated with anatomic volume (Owens 

et al., 2018). This latter study, performed with more than 1000 individuals, additionally 

showed that this area had the strongest integration between BOLD activity during the task 

and GM volume. The role of this area in working memory has been related to spatial 

processing, but  also to verbal and phonological stimuli (Collette et al., 2006; Nee et al., 

2013). Overall, the superior parietal lobe is critically important for top-down 

manipulation with a variety of types of information, as well as relevant to attention 



 19 

towards relevant items (Humphreys & Lambon Ralph, 2015; Koenigs et al., 2009; Nee et 

al., 2013). Importantly, this increase in volume was greater in participants with more 

improvement in their RTs from S1 to S2 and S1 to S3. This result suggests that 

participants with greater improvement in their speed when performing the n-back had 

more GM volume in the RSPC after training. We tentatively interpret this result as 

indicating that participants who had more parietal GM volume changes had adapted their 

cerebral resources to improve on the task, showing greater RT improvement than other 

participants who did not change their GM as much.  

 

The results of the present study also showed a transient reduction in the volume of the 

posterior putamen that was not observable five weeks later. Although not as important as 

frontoparietal areas, the striatum plays a role in working memory processing. Recent data 

suggest that this brain area may modulate individual differences in working memory 

capacity and the effect of training by facilitating plasticity in the cortex (Constantinidis 

& Klingberg, 2016; McNab & Klingberg, 2008). Several previous studies have provided 

clues to help to understand the role of the striatum in working memory. First, there are 

developmental studies showing that striatal activity during working memory tasks is a 

good predictor of future (but not current) working memory capacity (Darki & Klingberg, 

2015; Ullman et al., 2014). Second, a PET study showed that working memory training 

enhanced dopamine release in the striatum, emphasizing the important role of transient 

cerebral processes related to striatal D2 receptor activity in working memory (Backman 

et al., 2011). Third, genetic studies showed the role of polymorphisms related to the DAT-

1 transporter (Brehmer et al., 2009; Söderqvist et al., 2012) and DRD2 receptor 

expression (Söderqvist et al., 2014) in individual differences in improvements after 

working memory training. Finally, and consistent with data from the present study, the 

role of the striatum is more relevant in the first stages of training (Kühn et al., 2013). All 

of this evidence is consistent with a prominent role of the striatum in the initial stages of 

working memory training, probably facilitating plasticity in frontoparietal areas.  

 

This neuroimaging study was developed in order to use a three-time point approach for 

the first time, allowing us to provide new information about neuroplasticity after a 

working memory training. Nevertheless, this study has a few limitations. Due to the lack 

of an active control group, these results should be interpreted with caution. The training 

group came to our laboratory on four consecutive days, and they had more contact with 
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the experimenters than the control group did, which may result in motivational 

differences between the two groups in terms of task efficiency. In future studies, active 

control groups should be included in the study design because the observed gains may 

not be due to working memory training per se, but to the training in general. 

 

In conclusion, the present results showed that our short cognitive training can cause 

plasticity in brain structures related to the trained task and linked to the behavioral 

improvement. Sustained changes were found in the right superior parietal cortex, and 

transient changes were observed in the right putamen, both structures closely related to 

working memory. Increased GM volume was found in the RSPC in the trained 

participants, and the reverse effect was seen in the right putamen. We reported stability 

in the RSPC changes after five weeks of no training, and the results pointed to a 

relationship between the GM volume changes and the behavioral improvement on the 

task. Along with this, empirical structural neuroimaging data were provided to understand 

the mechanisms of the effects of n-back working memory training. Moreover, the 

anatomical changes in neural areas associated with working memory reported here 

demonstrate that cognitive training has an effect on the brain and on brain measurements 

important for cognitive skillfulness. 
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