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Abstract

As indicated by previous research, aging is associated with a decline in working memory
(WM) functioning, related to alterations in fronto-parietal neural activations. At the same
time, previous studies showed that WM training in older adults may improve the performance
in the trained task (training effect), and more importantly, also in untrained WM tasks
(transfer effects). However, neural correlates of these transfer effects that would improve
understanding of its underlying mechanisms, have not been shown in older participants as yet.
In this study, we investigated blood-oxygen-level-dependent (BOLD) signal changes during
n-back performance and an untrained delayed recognition (Sternberg) task following 12
sessions (45 minutes each) of adaptive n-back training in older adults. The Sternberg task
used in this study allowed to test for neural training effects independent of specific task
affordances of the trained task and to separate maintenance from updating processes. Thirty-
two healthy older participants (60-75 years) were assigned either to an n-back training or a
no-contact control group. Before (t1) and after (t2) training/waiting period, both the n-back
task and the Sternberg task were conducted while BOLD signal was measured using
functional Magnetic Resonance Imaging (fMRI) in all participants. In addition,
neuropsychological tests were performed outside the scanner. WM performance improved
with training and behavioral transfer to tests measuring executive functions, processing speed,
and fluid intelligence was found. In the training group, BOLD signal in right lateral middle
frontal gyrus/ caudal superior frontal sulcus (Brodmann area, BA 6/8) decreased in both the
trained n-back and the updating condition of the untrained Sternberg task at t2, compared to
the control group. FMRI findings indicate a training-related increase in processing efficiency
of WM networks, potentially related to the process of WM updating. Performance gains in

untrained tasks suggest that transfer to other cognitive tasks remains possible in aging.
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Introduction

Age-related reduction in working memory (WM) performance has been related to
changes in brain functioning (for reviews, see Eyler et al., 2011; Nyberg et al., 2012; Rajah
and D’Esposito, 2005). Studies comparing neural activity during verbal WM tasks between
older and younger participants have found that younger adults asymmetrically recruited areas
in left fronto-parietal areas, while older adults showed greater activity also in homologous
regions in the right hemisphere (Cabeza et al., 2004, 2002; Reuter-Lorenz et al., 2000). More
recent studies (Heinzel et al., 2014a; Nagel et al., 2011) have indicated that age-associated
activation differences depend largely on task difficulty. Compared to younger adults, older
adults showed similar performance but greater activation in WM-related brain areas at low
WM load but reduced performance and lesser activation at high WM load in a recent sample
of younger and older adults that included a subsample of the current study (Heinzel et al.,
2014a). These findings can be explained by the notion of reduced neural efficiency and
capacity in older adults (Barulli and Stern, 2013) and the compensation-related utilization of
neural circuits hypothesis (CRUNCH, Reuter-Lorenz and Cappell, 2008). The CRUNCH
model suggests that older adults recruit more neural resources to achieve a similar
performance as younger adults at relatively low task demands (reduced processing efficiency
in older adults). It has been argued that older adults utilize cognitive control strategies already
at low task difficulty levels to compensate for structural and functional decline (Grady, 2012).
However, according to the CRUNCH model, attempted compensation fails at high task
difficulty because older adults are unable to further exceed their neural activation level and

performance collapses due to a reduced capacity in older adults (Nyberg et al., 2009;
3



Schneider-Garces et al., 2010). Cognitive training is thought to enable older adults to perform
low and medium levels of WM tasks below their capacity limit due to the development of
more efficient processing strategies. Therefore, WM training is expected to lead to activation
decreases only at low and medium difficulty, but not at high difficulty levels (Lustig et al.,
2009).

Cognitive training research has shown that WM training might have the potential to
slow down or even restore some aspects of age-related decline in WM functioning (e.g.
(Brehmer et al., 2011; Dahlin et al., 2008; Heinzel et al., 2014a, 2014c; Li et al., 2008;
Richmond et al., 2011). While several studies have investigated neural correlates of WM
training gains in younger, there are only few studies in older adults (Buschkuehl et al., 2012;
Klingberg, 2010). Erickson et al., (2007) found that dual-task performance gains following
training were related to decreased activity mainly in right dorsolateral prefrontal cortex
(DLPFC) in older adults. Similarly, (Brehmer et al., 2011), reported an activity decrease in
WNM-associated areas in right fronto-parietal regions in response to behavioral training gains
in a delayed recognition task. If training enables older participants to increase the efficiency
of their WM processing as suggested by the CRUNCH model (Reuter-Lorenz and Cappell,
2008), activity is expected to decrease particularly at 1-back (low difficulty) and 2-back
(medium difficulty) following training. Taken together, behavioral training gains seem to be
associated with changes in neural activity during the performance of the trained task.
However, results might be relatively task-specific since neural correlates of transfer to other
WM tasks have only been reported in one study in younger but not in older adults as yet
(Dahlin et al., 2008). Furthermore, it is not known which components of WM are associated
with training-related activity changes.

According to the WM model of Baddeley (2000), WM refers to “a limited capacity

system allowing the temporary storage and manipulation of information” (Baddeley, 2000,
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p.418). Although there has been a proliferation of cognitive psychological theories on WM
since Baddeley and Hitch’s (1974) model (for a comparison of models, see e¢.g. Chein and
Fiez, 2010), most WM models suggest a distinction between at least two components of WM,
namely maintenance and executive control of information. Both components are thought to be
involved in the performance of the n-back WM task. While n-back training was found to be
effective in older adults (Heinzel et al., 2014a, 2014c; Li et al., 2008), as yet, it is unclear
whether training gains in the n-back task refer to an improved ability to maintain or to update
information or both. If activity changes related to training gains within a cognitive process
(e.g. updating) are not just task-specific, common activity changes in similar tasks could be
expected (Buschkuehl et al., 2012; Dahlin et al., 2008; Gray et al., 2003; Jonides, 2004).
Thus, training-related changes in brain activity during n-back performance might overlap with
activity changes in the maintenance or the updating component of WM in an untrained task
depending on the specific process component mediating training gains.

There has been a debate whether subcomponents of WM such as updating or
maintenance may be associated with specific brain areas. Modality-specific activity patterns
in ventral vs. dorsal posterior lateral frontal cortex and more posterior brain regions have been
shown consistently for the maintenance of verbal vs. spatial information (Curtis and
D’Esposito, 2003). In line with current conceptions of PFC function (Frank et al., 2001;
Fuster, 2004; Miller and Cohen, 2001), WM updating can be understood as a highly
interactive executive control process, not just involving DLPFC, which has been most
prominently associated with executive control (Baddeley, 2003; Collette and Van der Linden,
2002; D’Esposito et al., 2000, 1995; Mohr et al., 2006). Instead, WM updating seems to rely
on a distributed network also including ventrolateral PFC and areas of the dorsal attention
system located in lateral premotor cortex (LPMC)/caudal superior frontal sulcus (cSFS), in

posterior parietal cortex (PPC, for recent reviews, see Linden, 2007; Nee et al., 2013) and
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subcortical regions (Frank et al., 2001), which partly overlap with regions related to
maintenance. Therefore, activity changes within these areas after n-back training might be
either specific to maintenance or updating or common to both.

Finally, an important question in cognitive training research concerns the degree to
which training effects are transferable to tasks in other cognitive domains (“far transfer”,
Klingberg, 2010; Lustig et al., 2009; Noack et al., 2009; Zelinski, 2009). In the past decade,
WM has gained attention in transfer research, presumably because WM is believed to be a
central mental capacity that has been shown to be closely linked to other cognitive domains,
such as executive functions (e.g. Chen and Li, 2007; Conway et al., 2003), processing speed
(e.g. Burgaleta and Colom, 2008; Clay et al., 2009; Salthouse, 1996), and fluid intelligence
(e.g. Ackerman et al., 2005; Kyllonen and Christal, 1990).

Since n-back is considered to be an executively demanding WM task (Veltman et al.,
2003), we expected training gains in n-back to be related to the executive component of WM
and thus find overlapping activity changes between n-back and the updating component of an
untrained WM task. Furthermore, we expected to detect behavioral transfer to tests of
executive functions and short-term memory outside the MRI scanner. By including additional
executive neuropsychological tests (such as the Stroop word/color interference test, Stroop,
1935), we will investigate if transfer effects are specific to updating or if they are also found
in other domains of executive functions (such as “inhibition” according to the model by
Miyake et al., 2000). To test these hypotheses in the present study, a sample of healthy older
adults was assigned to either an n-back training group or to a no-contact control group. Before
and after training/waiting period, a parametric n-back task was performed during fMRI
measurement and a set of cognitive tasks was administered. An additional WM paradigm
(Sternberg delayed match to sample task) for which WM component processes (i.e.

maintenance vs. updating) could separately be analyzed was administered before and after
6



training to investigate common activity changes between n-back and Sternberg task. That
way, it could be tested whether the neural correlates of transfer effects in WM are associated
with maintenance or updating processes.

Taken together, the specific aims of this study were to (i) investigate whether training-
induced changes in neural activation in older adults reflect increases in processing efficiency
as postulated by the CRUNCH model; (ii) test whether these neuronal activation changes vary
with WM load as predicted by task demand to activation functions. Regarding transfer effects,
we aimed to investigate (iii) which components (updating versus maintenance) of the working
memory system are involved in transfer effects, (iv) whether transfer effects go along with
neuronal activation overlap, and (v) whether such overlap is related to near and far behavioral

transfer effects.

Methods

Participants

Sixteen control participants were carefully matched one by one to sixteen training
participants according to their age (+/- 2 years), sex, and education level (+/- 3 years of
education) to assure parallelization of both groups. The first half of the control group was
recruited after the first half of the training group was included, the second half of the control
group after testing the second half of the training group. The age range was 60 to 75 years. All
participants were recruited via newspaper announcements in Berlin, Germany. All were
native German speakers, right-handed, had normal or corrected-to-normal vision, no history
of any neurological or psychiatric diseases, and did not take any psychiatric medication. Mini
Mental Status Examination (MMSE, Folstein, Folstein, & McHugh, 1975) was 27 or above in
all participants. All participants were suitable for functional Magnetic Resonance Imaging

(fMRI) and none of the participants took any anti-hypertensive medication or had a thyroidal
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dysfunction, which could have influenced the blood-oxygen-level-dependent (BOLD) signal.
One participant of the training group had to be excluded due to a technical failure during the
fMRI scanning and two participants in the control group had to be excluded due to profound
signal loss in ventral regions in prefrontal, temporal, and occipital cortex, as well as
subcortical regions most likely due to numerous dental implants. Therefore, the final sample
consisted of 15 participants (9 women) in the training group (mean age = 66.07 [+ 4.04]
years, education = 15.43 [+ 3.34] years, MMSE = 29.13 [+ 1.25] points) and 14 participants
(9 women) in the control group (mean age = 66.00 [+ 4.82] years, education = 16.11 [+ 2.99]
years, MMSE = 29.43 [+ 0.76] points). The groups did not differ significantly (p> .45) in age,
sex distribution, education level and MMSE. Please note that results from a subsample have
previously been reported in a region of interest (ROI)-based analysis (Heinzel et al., 2014a).
The study was approved by the ethics committee of the Charité - Universitdtsmedizin, Berlin.
Written informed consent was obtained from all participants prior to investigation.

Participants who completed the study received a monetary reimbursement.

Design and procedure

At pre-test (t1), all participants completed a set of neuropsychological tests and
participated in two separate fMRI sessions (first n-back and then Sternberg task).
Subsequently, the training group participated in a WM training program for 4 weeks (12
sessions), whereas the control group did not receive any intervention. Note that unspecific
effects of the intervention should affect all WM component processes and thus should not
lead to differential training and transfer effects. After the training/waiting period (post-test,
t2), all participants returned for two separate fMRI sessions (first n-back and then Sternberg
task). Finally, all participants completed the same set of neuropsychological tests from t1

again at t2.



Materials and tests

For neuropsychological screening and the examination of possible transfer effects of
WM training to other cognitive tasks, the following tests were conducted at t1 and t2: Digit
Span Forward and Backward (Wechsler, 1987) were included as proxies for short-term
memory, Digit Symbol Substitution (Wechsler, 1987) and D2 (Brickenkamp, 2002) for
processing speed, Stroop Word/Color Interference (Stroop, 1935) and Verbal Fluency
(German version of the Controlled Oral Word Association Test (COWAT, Benton and
Hamsher, 1989)) for executive functions, and Raven’s Standard Progressive Matrices
(Raven’s SPM, Raven et al., 1990) and the LPS Figural Relations subtest of a German
intelligence test (Leistungspruefsystem LPS, Horn, 1983) for fluid intelligence. Parallel
versions were used for Stroop, Raven’s SPM, and LPS Figural Relations to avoid memory
effects at t2. In Digit Span Forward and Backward, two trials of each list length were
presented. If participants failed to repeat both trials of a certain list length, the assessment of
this task was terminated. The score used in the following analyses was determined by the
length of the longest correctly repeated list. In the D2-test, participants were instructed to
cross out the letter ‘d” with exactly two dashes, but neither the letter ‘p’ nor the ‘d’ with a
different number of dashes than two. The score used in this study represents the amount of
crossed out ‘d’s within 4min and 40 sec. In Digit Symbol, participants were asked to copy
symbols as quickly as possible into empty boxes located below a random sequence of
numbers ranging from 1 to 9 according to a specific coding key. The score used for analyses
was the number of correct symbols completed within 60 seconds. In the Verbal Fluency task,
participants were asked to generate as many words as possible starting with the letter ‘S’
within 60 seconds (not including proper names or names of places and cities). In the Stroop

task, participants were first instructed to name the color of words (task A), then to name the
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meaning of words (task B), and finally to name the color of words while inhibiting the
meaning of the words (a different color, task C). The outcome score in each of the three tasks
represents the time required to finish each task. The Stroop Interference score in this study
was calculated using the following equation (Golden, 1978): Stroop Interference = task C —
[(task A * task B) / (task A + task C)]. To solve the fluid intelligence tasks (Raven’s SPM and
LPS Figural Relations), participants were required to identify patterns of nonverbal symbols:
In Raven’s SPM, they were instructed to find a matching item to complete a pattern, while in
the Figural relations, they had to mark the non-matching item of a pattern of symbols. Both
reasoning tasks were timed and the scores were derived from the number of correct items
accomplished within 7.5 minutes (Raven’s SPM) or 3 minutes (LPS Figural Relations),
respectively. To rule out clinically relevant mild cognitive impairment (Petersen et al., 1999),
we used delayed recall subtest from the neuropsychological test battery of the Consortium to
Establish a Registry for Alzheimer’s Disease (CERAD, Morris et al., 1989) and the Mini-
Mental State Examination (MMSE, Folstein et al., 1975), a short screening test addressing
basic cognitive functions such as orientation, memory, simple computational skills, reading
and visuo-constructive abilities. Data was checked by a dementia expert at the clinic and
participants were excluded if they scored below 27 points on the MMSE or achieved below
1.5 standard deviations of age, education, and gender matched norms in the CERAD delayed

recall test.

N-back paradigm during fMRI

A computerized version of the n-back paradigm with numerical stimuli (Cohen et al.,
1997) was used in this study (see Figure 1, panel A). The n-back task consisted of 2 runs. In
each run, 16 blocks were presented in 4 different pseudo-randomized orders counterbalanced

across subjects. The block lengths were 16 seconds (blocks with an inter trial interval [ITI] of
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500ms) or 32 seconds (blocks with an ITI of 1500ms). The total duration of the task was 22
minutes. The n-back task was presented using Presentation software (version 14.9,
Neurobehavioral Systems Inc., Albany, CA, USA). WM load (0-, 1-, 2-, and 3-back) was
varied between blocks. In each block, 16 randomly created digits from 0 to 9 were presented
in the center of a black screen one at a time for 500ms; the occurrence of 5 target stimuli in
each block was pseudo-randomized. Targets were defined as re-occurrence of a number
previously presented 1, 2, or 3 trials before (1-, 2-, or 3-back condition, respectively). In the
0-back condition, the target was defined as the number ‘0’. Response time was from the onset
of a target until the onset of the next stimulus. Each condition (defined by WM load and ITI)
was repeated 4 times. Participants were instructed to press a button with their right thumb
when they recognized a target. After each block, a white fixation cross was presented in the

center of a black screen for 12 seconds.

Sternberg paradigm during fMRI

The delayed match-to-sample ("Sternberg™) task (see Figure 1, panel B) was
administered in a 2 x 2 design where WM load (3 vs. 5 letters) and updating demands
(maintenance only vs. maintenance plus updating) were manipulated orthogonally. The task
consisted of three phases: encoding, delay (separated into an early delay period and a task
delay period), and probe phase. In the encoding phase, either three or five sequentially
presented letters had to be encoded. In the early delay phase, participants maintained the
encoded set of letters in memory. Before the task delay phase, a written cue indicated which
task to perform on the letters. In the maintenance condition (cued by the word ‘maintain’, in
German: ‘merke’), participants continued to maintain the letters in the order of presentation

(upper stream in Figure 1B). In the updating condition (cued by the word ‘substitute’, in
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German: ‘ersetze’) either 1, 2, or 3 new letters were presented pseudo-randomly. This was
done to make sure participants would update one item at a time; for analysis purpose, the
amount of updated items was pooled, but see Supplementary Table S1b for the performance
data dependent on the number of items during the delay period. Updating involved mentally
deleting the respective number of letters from the maintained sequence, starting with the first
item from the currently maintained list and adding the new item(s) to the end of the list. Thus,
updating ‘z k r” with ’t’ resulted in ‘k r t” (lower stream in Figure 1, panel B) - so the number
of letters to be maintained (WM load) remained constant at either 3 or 5 letters, but the
specific contents had to be updated. In the maintenance condition, participants saw hash keys
(#) serving as placeholders in the presentation to allow for comparison with the updating
condition. In the probe phase, a probe stimulus, consisting of a capital letter required retrieval
of information from WM. Timing information is given in Figure 1, panel B. With their left
and right thumbs, participants indicated via button press whether the respective letter was part
of the most recent memory set (right thumb) or not (left thumb). Together, this resulted in
four task conditions: maintain-3, maintain-5, update-3, update-5. Four experimental runs were
presented, each run comprising 24 trials, resulting in a duration of ~45 minutes for the whole
experiment. Altogether, there were 24 trials for each of the four conditions. Conditions were
evenly distributed across runs and restrictions during randomization ensured that transitions

between conditions were equal.

N-back training procedure

The training group participated in an n-back training program over a period of 4 weeks
with 3 sessions per week, resulting in 12 training sessions. Participants accomplished 3 runs
of the n-back task in each training session, lasting about 45 minutes. Each run consisted of 12

blocks. At run 1 in session 1, all participants began the training with the difficulty level 1 (4
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blocks of 0-back, 4-blocks of 1-back, and 4-blocks of 2-back, at an ISI of 1500ms). Adaptive
practice (Doumas et al., 2009) was used throughout all 12 training sessions in order to keep
the task demanding. The difficulty level of the task varied across training runs according to
individual performance. Task difficulty was increased by introducing higher WM load levels
and by shortening the ISI (Heinzel et al., 2014a, 2014b, 2014c). If a participant successfully
completed one run with a hit rate of 80% or above within each block and with a false alarm
rate below 15%, the next difficulty level was introduced in the following run. From level 1 to
level 3, ISI was gradually decreased from 1500 to 500ms in steps of 500ms. At level 4, the
next n-level was introduced (3-back), and 0-back was removed, i.e. participants completed 1-,
2-, and 3-back tasks. In addition, ISl was set back to 1500ms. At level 7, 4-back was

introduced and 1-back was removed.

FMRI data acquisition

In the beginning of each scanning procedure, one T1-weighted 3D fast spoiled-
gradient echo pulse sequence was obtained (TR=7.8ms, TE=3.164ms, flip angle=20°,
FoV=256x256 mm?, matrix size= 256x256, 176 sagittal slices with 1mm thickness, voxel
size=1x1x1 mm3). Functional data was obtained using a gradient echo-planar imaging (EPI)
sequence with standard parameters (TR= 2000ms, TEge = 35ms, TEri,= 32ms, flip angle=
80°, matrix size= 64x64, voxel size= 3.1x3.1x3.8mm). Thirty-one slices were acquired
approximately axial to the bicommissural plane. Whole-brain fMRI data was collected at two
different scanners due to a forced change of the scanner in the course of the study. 12 (12 in
training group) participants were scanned at Charité Virchow Campus, Berlin with a 3 Tesla
GE Signa Excite (General Electrics Medical Systems, Milwaukee, USA) and 17 (3 in training

group) participants at Charité Campus Mitte, Berlin with a 3 Tesla Magnetom Trio Tim MR
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system (Siemens, Erlangen, Germany). Scanner site was included as covariate in all second

level statistical analyses.

Statistical analyses of behavioral data

Statistical analyses of the behavioral data were performed using SPSS version 21.0
(SPSS, Chicago, IL). Kolmogorov-Smirnov test for deviation from a normal distribution
indicated that all analyzed variables met assumptions for parametric testing. For the n-back
task, the comparison between groups and test intervals were then conducted using a repeated
measures general linear model (GLM) analysis of variance with the between-subjects factor
group (training vs. control group) and the within-subject factors time (t1 vs. t2) and WM load
(0-, 1-, 2-, and 3-back). For the Sternberg task, repeated measures GLMs for the performance
data were conducted with the between-subject factor group (training vs. control group) and
the within-subject factors time (t1 vs. t2), updating demands (maintenance vs. updating) and
load (3 vs. 5 letters). Changes in the neuropsychological measures outside the scanner were
analyzed by a multivariate repeated measures GLM including all 8 neuropsychological tests
and follow-up univariate repeated measures GLMs for each test separately with the between-

subjects factor group and the within-subject factor time.

MR image processing and analysis

All fMRI analyses were carried out with SPM8 (http://www.fil.ion.ucl.ac.uk/spm).
First, origins in the anatomical and functional images were set manually to correspond
approximately to the anterior commissure. To improve data quality, the slice repair function
of the artrepair toolbox (http://www.nitrc.org/projects/art_repair/) was applied. Each
participant’s functional data set was slice-time corrected (Sternberg task only due to its event

related nature) and head motion corrected. The anatomical image was then coregistered to the
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mean functional image per subject. After segmentation of the anatomical image, the
functional data were spatially normalized into the standard MNI atlas space using the
normalization parameters from the anatomical segmentation. Data were then smoothed with
an 8-mm full width at half maximum Gaussian kernel and high-pass filtered during statistical
analysis (128s). We applied the general linear model (GLM) for serially auto-correlated data
(Friston et al., 1994) to determine task-related activity, applying a canonical hemodynamic

response function. Runs were modeled as separate sessions.

FMRI data analyses n-back task

All experimental conditions (blocks of 0-, 1-, 2-, and 3-back) were included in the
GLMs as separate boxcar regressors (“block design”). The cues, responses, and realignment
parameters from the motion correction were included as 8 regressors of no interest in the
model. On the subject level, linear contrast images were calculated for 0-, 1-, 2-, and 3-back
blocks separately for each time point (t1 and t2) and contrasted against implicit baseline
(fixation cross). On the group level, these contrasts were entered into separate flexible
factorial models for each WM load level (0-, 1-, 2-, and 3-back), with the factors subject,
group (training vs. control group) and time (t1 vs. t2), and the covariate “site”. A tissue
probability map included in SPM 12 (derived from the IXI data set, http://www.brain-
development.org), thresholded at p = .3 for gray matter, was used as an explicit mask in all
fMRI analyses to ensure that all reported activations are likely to be located in gray matter.
Main effects of task are reported at p < .05, FWE-corrected for the whole brain (k > 10
voxels). Whole brain analyses of the group by time interaction effects were thresholded at p <
.05, alphasim-corrected (alphasim REST toolbox implementation, http://www.resting-
fmri.sourceforge.net). We used a Monte-Carlo simulation correction (10000 iterations) with a

voxelwise threshold of p < .005. Only clusters above a cluster size that yielded an alphasim
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correction threshold of p < .05, corrected, were described in the results section and in Table 3.
The main focus of the current study was the investigation of neural correlates of operation-
specific (maintenance vs. updating) transfer effects. Therefore, we increased the power for
these analyses by not including WM load as an additional factor when investigating neural
overlap with activation changes in the Sternberg task. Since training-related activation
changes were expected in 1- and 2-back, a combined contrast was computed for 1- & 2-back
when building a mask image for the analyses of neural correlates of transfer to the Sternberg

task.

FMRI data analyses Sternberg task

The GLMs included separate regressors (event-related design) for all experimental
conditions distinguishing the four task phases, i.e., encoding, early delay, task delay, and
probe. In addition, the model included regressors for incorrectly answered trials and the six
realignment parameters derived from preprocessing. To separate activity related to
maintenance vs. updating processes, analyses were restricted to the task delay phase. On the
subject level, linear contrasts were defined (regressors of interest contrasted against implicit
baseline [fixation cross]) that were then entered into flexible factorial models on the group
level with factors subject, group (training vs. control group), and time (t1 and t2), and the
covariate “site” separately for each task contrast of interest. As in the n-back analyses, a tissue
probability map (.3 threshold for gray matter) was used as an explicit mask in all fMRI
analyses. To assess the task-related networks, task contrasts were defined at t1 per task cell,
averaged across both groups and thresholded at p < .05, FWE-corrected for the whole brain (k
> 10 voxels). Likewise, differential contrasts per operation (updating > maintenance and load-
5 > load-3) were calculated for t1, across groups to determine the relevant networks per

operation before training. To investigate training-specific changes in brain activity, the group
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by time interaction effects were calculated per operation. Comparable to the n-back fMRI
analyses, the two different WM load levels (3 and 5 letters) of the Sternberg task were
averaged and whole brain analyses of the group by time interaction effects were thresholded
at p < .05, alphasim-corrected using a Monte-Carlo simulation correction with 10000
iterations and a voxelwise threshold of p <.005. Again, only clusters above a cluster size that
yielded an alphasim correction threshold of p < .05, corrected, are described in the results

section and in Table 3.

Analysis of neural overlap between n-back and Sternberg tasks

A neural overlap was defined as commonly activated voxels in both n-back and Sternberg
tasks that were found in significantly activated clusters in each individual task and that did not
show baseline differences at t1. The overlap cluster is depicted in Figure 3. We used the
MarsBaR toolbox (http://www. marsbar.sourceforge.net) to compute percent signal change
and according effect sizes in the overlap peak voxel (peak of the Sternberg group by time
interaction masked by the n-back group by time interaction) for all conditions in the n-back

and Sternberg tasks (see Table 4).

Results
Behavioral results
N-back performance and training gains
The groups did not differ in n-back performance at t1 (all p’s> .18). To test whether
improvements in n-back performance (% correct, defined as hit rate minus false alarm rate)
can be related to the training, and whether training gains differ between different WM load
levels, a group by time by WM load repeated measures GLM was conducted and revealed a

significant 3-way interaction (F(3,81) = 5.13, p = .003, partial n? = .16). See Table 1, panel A
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and Figure 1, panel A for means and standard errors per condition. The main effect of time
(F(1,27) = 41.67, p < .001, partial n> = .61) indicated general performance improvement over
time. The main effect of WM load (F(3,81) = 302.99, p < .001, partial > = .92) showed that
performance differed between WM load levels. No main effect of group was found (F(1,27) =
2.15, p = .154, partial n? = .07). The group by time interaction (F(1,27) = 24.07, p < .001,
partial n? = .47) indicates that the training group showed generally stronger improvement in n-
back performance compared to the control group. The WM load by time interaction (F(3,81)
=8.10, p <.001, partial n? = .23) shows that the magnitude of improvement over time differed
between the WM load levels. No significant group by WM load interaction was found
(F(3,81) = 1.96, p = .126, partial n* = .07). Follow-up t-tests showed significant performance
improvements over time in the training group in 1-back (t(14) = 3.67, p = .003, d = .97), 2-
back (t(14) = 7.25, p < .001, d = 1.86), and 3-back (t(14) = 4.08, p = .001, d = 1.19). Except
for one participant who showed no training gain, all individuals in the training group
improved their n-back performance from t1 to t2. No significant performance changes in any
of the WM load levels were found in the control group (all p’s > .10, d’s < .50).

Analyses of reaction time (RT) data for the n-back task are reported in the Supplementary

results and in Supplementary Table Sla, Panel A.

Behavioral transfer to the Sternberg task

In the Sternberg task, performance (% correct, defined as % hits) was analyzed with a
repeated measures GLM including the between subject factor group (training vs. control) and
within subjects factors updating demands (maintenance vs. updating), WM load (3 vs. 5) and

time (t1 vs. t2). See panel B of Table 1 and panel B of Figure 1 for means standard errors and
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effect sizes per condition. In addition, performance data for the combined update-3 and
update-5 condition are shown in Table 1, as this combined condition will be further analyzed
in the fMRI data. The 4-way interaction was not significant, also no interaction effects with
the factors group or time were found in the full model. However, the analysis revealed
generally lower performance in the updating compared to the maintenance condition, F(1, 27)
=44.18, p < .001, partial n2 = .62 and lower performance at WM load of 5 compared to 3,
F(1, 27) = 60.28, p < .001, partial > = .69. A significant interaction of the factors updating
demands and WM load, F(1, 27) = 8.63, p = .007, partial n?> = .24, reflects that the reduction
in performance from WM load 3 to WM load 5 was stronger in the updating condition than in
the maintenance condition. The group by time interactions separately for each condition as
well as effect sizes of follow-up T-tests are shown in Table 1, panel B. These post-hoc
analyses indicate significant improvements in maintain-5 (t(27) = 2.29, p = .038) and the
combined update-3 & -update-5 condition (t(27) = 2.38, p = .032) after n-back training in the
training group that were not found in the control group (all p's > .35, see Table 1, panel B for
all d's). Additional post-hoc t-tests confirmed that there were no significant differences in the
performance between the training group and the control group at t1 in any of the four
conditions and the combined update-3 & update-5 condition (all p's > .14, see Table 1, panel
B for all d's). Note, that load conditions were pooled for fMRI analyses to increase the power
for the consideration of operation-specific (maintenance vs. updating) effects. Reaction time

patterns are reported in the Supplementary Table Sla, panel B.

Transfer to neuropsychological tests outside the MRI scanner
Training and control group showed no significant differences in any of the
neuropsychological tests at tl (all p’s > .14). To investigate transfer to neuropsychological

tests outside the MRI scanner, a group by time multivariate GLM was conducted including all
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8 neuropsychological tests (Digit Span Forward, Digit Span Backward, D2 Test, Digit
Symbol Substitution, Verbal Fluency, Stroop Interference, Raven’s Standard Progressive
Matrices, and LPS Figural Relation Test). A significant group by time interaction was found
(F(8, 20) = 3.54, p = .010, partial n*» = .59), showing larger improvements in the
neuropsychological tests in the training compared to the control group. A significant main
effect of time (F(8, 20) = 17.03, p < .001, partial n* = .87) indicates general improvements
from t1 to t2 assessments. Follow-up group by time GLMs were performed for each test
separately. A transfer effect was defined as a significant group by time interaction, where the
training group increases more than the control group in the performance of a given test.
Results and statistical values are shown in Table 2. Transfer effects were found in D2
(F(1,27)=10.32, p=.003, partial n?>= .28), Stroop Word/Color Interference (F(1,27)= 6.20, p=
.019, partial n>=.19), and LPS Figural Relations (F(1,27)= 4.53, p=.043, partial n>= .14). The
interaction effects reflect that the task performance in the training group increased while task
performance did not increase significantly in the control group. Main effects of time were
found in Digit Span Backward (F(1, 27) = 5.36, p = .028, partial n?>=.17), D2 Test (F(1, 27) =
8.58, p =.007, partial n>= .24), Digit Symbol Substitution (F(1, 27) = 14.69, p = .001, partial
n*= .35), Stroop Interference (F(1, 27) = 8.40, p = .007, partial n= .24), and LPS Figural

Relation Test (F(1, 27) = 13.30, p =.001, partial n*>= .33).

FMRI results
Main effects of the n-back task at t1

The n-back task main effects (0-, 1-, 2-, and 3-back) were tested against the implicit
baseline across both groups at t1 and revealed a pattern of activity mainly in fronto-parietal

areas that has been frequently reported in n-back studies (for review, see Owen et al., 2005).
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Comparing these task main effects between training and control group at t1 showed no
significant differences (thresholded at p < .05 FWE-corrected for whole brain, k > 10 voxels).
As displayed in the upper panel of Figure 2, main foci of the n-back task activations were
found in the lateral middle and superior frontal gyri including dorsolateral prefrontal and
premotor cortex in both hemispheres. The cluster extended ventrally to inferior frontal gyrus
and insula, caudally to the precentral gyrus, and medially to the supplementary motor area and
the anterior cingulate gyrus. N-back-related activations were also found in inferior and
superior parietal lobules, as well as in visual regions in the occipital cortex. Subcortically, n-
back was associated with striatal activity and activity in the thalamus and the cerebellum.
Anatomical locations and MNI coordinates for all n-back conditions are shown in

Supplementary Table S2.

Main effects of the Sternberg task at t1 and overlap with n-back main effect

First, effects of the different task conditions during the task phase were tested against
baseline across both groups for t1 (see middle panel of Figure 2 and Supplementary Table
S3), revealing the involvement of well-known fronto-parietal WM regions in the maintain-5,
update-3 and update-5 conditions and to a lower degree for maintain-3. Greater demands
during updating compared to maintenance (main effect updating demands) were reflected in
higher activity in bilateral fronto-parietal regions, while higher WM load (main effect load)
was associated with activity in anterior portions of lateral PFC, bilaterally (see lower panel of
Figure 2). As shown in Figure 2 and Supplementary Tables S2 and S3, the Sternberg updating
task involved fronto-parietal areas that largely overlap with areas activated by the n-back task.
Comparing these task main effects between training and control group at t1 showed no

significant differences in the fronto-parietal WM network at t1 (p < .05 FWE-corrected for
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whole brain, k > 10 voxels). The only difference between groups was greater activity in
primary visual cortex for the maintain-3, and maintain-5 conditions for the control group

compared to the training group.

Neural correlates of training effects in the n-back task

Training-specific activity changes were calculated for 0-, 1-, 2, and 3-back separately,
and for the combined 1- & 2-back contrast by performing flexible factorial models with
factors subject, group (training group vs. control group), and time (t1 vs. t2). Scanner site was
included as a covariate. Results are reported at a significance threshold of p < .05 alphasim
cluster- corrected in Table 3 and depicted in Figure 3, panel A.

In the combined 1- & 2-back contrast (alphasim cluster threshold = 91 voxels),
stronger activity decreases in the training group compared to the control group at t2 were
found in a medial cluster including medial frontal gyrus/ anterior cingulate gyrus, extending
caudally to mid-cingulate gyrus, and supplementary motor area in both hemispheres and a
right lateral cluster in the middle and superior frontal gyrus including dorsolateral prefrontal
and premotor cortex. A third cluster showed training-related decreases in the right
supramarginal gyrus, inferior parietal lobule, and angular gyrus. As indicated by pre-post
differences in PSC (see Figure 3 panel C), activity in the training group decreased from t1 to
t2, while no activity changes were observed in the control group. As shown in Figure 3 panel
A, a similar activation pattern as in the combined 1- & 2-back contrast was found when
testing the 2-back condition separately. In the separate 2-back condition (alphasim cluster
threshold = 86 voxels), the medial frontal cluster extended further to mid-cingulate gyrus and
medial parts of paracentral lobule and laterally to superior frontal gyrus in the right
hemisphere. A second cluster included medial parts of mid-cingulate and paracentral gyrus

also in the left hemisphere. A third left hemispheric cluster included superior and middle
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temporal gyrus as well as angular and supramarginal gyrus. The separate analysis of 1-back
(alphasim cluster threshold = 82 voxels) revealed training-related activation changes in a
cluster in right inferior parietal lobule including supramarginal gyrus and angular gryus.
When testing the 0-back and 3-back contrasts separately at p < .05 alphasim cluster
corrected (alphasim cluster thresholds = 87 voxels), no significant group by time interaction
effects were found. No training-related activity increases were detected in any of the

performed analyses.

Neural correlates of pre-post (t1-t2) changes in the Sternberg task

Training-specific activity changes from t1 to t2 were considered separately for the
different operations in the Sternberg task (i.e. WM maintenance vs. updating) during the task
delay phase (see Table 3).

The fMRI data indicate that interaction effects of group (control vs. training group)
and time (t1 vs. t2) were only present during updating but not during maintenance (see Figure
3 panels B and C and Table 3; alphasim cluster thresholds: 64 voxels for updating and 58
voxels for maintenance). Specifically, one right lateral prefrontal cluster located in the middle
frontal gyrus (MFG) extending to the caudal superior frontal sulcus (cSFS, BAs 6, 8, and 9)
showed such an interaction effect during updating at p < .05 alphasim cluster corrected (see
Table 3). As shown in Figure 3, panel B, the same activity pattern as in the combined update-
3 & update-5 contrast was present in the update-3 as well as in the update-5 condition

separately, however, only at an uncorrected threshold of p <.005, k > 10.

Neural overlap between training-related changes in n-back and Sternberg updating
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To test for neural correlates of pre-post changes in the Sternberg task that were overlapping
with n-back training effects, we computed a mask image that only included voxels that
showed significant effects (p < .05 alphasim cluster corrected) in both the n-back and
Sternberg tasks. The overlap mask included two clusters (see Table 3), one in the right MFG
(x =27,y =11, z = 55), and one more lateral cluster in right MFG/ cSFS (x =36,y =17,z =
46). As there were significant baseline differences between groups at t1 in the more medial
cluster in the n-back and in the Sternberg task further analyses were restricted to the more
lateral frontal cluster

Percent signal change (PSC) values for the peak of the right MFG/cSFS cluster are depicted
in the bar graph in Figure 3, panel C, separately for the combined 1-& 2-back task and
combined update-3 & update-5 contrast. The ROI analysis illustrates strong decreases in PSC
from t1 to t2 during 1-& 2-back and during updating for the training group, while no changes
or changes in the opposite direction were present in the control group.

Note that significant group differences in activity at t1 within this ROI (see Table 4)
were restricted to the update-5 condition of the Sternberg task - only here, higher PSC was
present in the training group compared to the control group at t1. For all other conditions
there were no significant baseline differences between training group and control group at t1,
although several medium-sized effects (d > .50) of group on PSC indicate a trend for such
differences. The central finding of selective, PSC decreases over time in the right MFG/cSFS
in the training group in both tasks (see also Supplementary results, ‘RT subgroup analysis'),
suggests common effects of n-back training across tasks within this region, thus pointing

towards training-related neural changes in the transfer task.
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Post-hoc power analyses of fMRI-results

To test for appropriate power (1-beta > .80) of our main fMRI findings, we performed post-
hoc power analyses. Comparing the training-related activity changes in the overlap peak (x =
36, y = 17, z = 46) between training and control group (see Figure 3, panel C) revealed an
effect size of d = 1.12 in the n-back training task and d = 1.36 in the Sternberg transfer task.
At an alpha error probability level of p = .05, the achieved power was .83 for n-back and .94

for Sternberg.

Correlations between pre-post changes in fMRI percent signal change (PSC) and
behavior

In the n-back task, performance gains in the 2-back condition were correlated with pre-post
activation changes (PSC) in the overlap peak (x = 36, y = 17, z = 46) in the 2-back contrast (r
= -.44, p = .017, see Figure 4.) and in the combined 1- & 2-back contrast (r = -.40, p = .030)
across the entire sample. This indicates that the magnitude of activation decrease was
associated with performance increase in 2-back. However, no correlations between activation
changes and n-back performance gains within each group were found (p’s > .13).

To test if activation changes in the overlap peak in 1-back and in 2-back separately, as well as
in the combined 1-& 2-back contrast are related to significant pre-post changes in behavioral
transfer tasks we performed correlation analyses in tasks that showed significant
improvements in the training but not in the control group (D2 Test, Digit Symbol
Substitution, Stroop Interference, and LPS Figural Relations Test). In the entire sample, we
found correlations between pre-post decrease in 2-back activation and pre-post increase in D2
Test (r = -.37, p = .049) and LPS Figural Relations Test (r = -.48, p = .009). Similarly, pre-
post activation decreases in the combined 1-& 2-back contrast also correlated with D2 Test (r

= -.37, p = .049) and LPS Figural Relations Test (r = -.40, p = .031). Within the training
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group, a significant correlation was found between 1-&?2-back activation decrease and Digit
Symbol Substitution increase after training (r = -.53, p = .041). These results suggest that pre-
post decreases in lateral MFG/cSFS may be associated with improvements in processing
speed and fluid intelligence.

In the Sternberg task, pre-post activation changes in the combined update-3 & update-5
contrast did not reveal any significant correlations with performance gains (% correct) in the

whole group (r = .12, p = .52), nor within each group (both p’s > .13).

------------------------------- Please insert Figure 4 approximately here-----------------

Discussion

In the present study, we investigated training-related gains in two verbal WM tasks
and associated changes in BOLD response in older participants. Our results indicate that after
four weeks of WM training, participants in the training group improve in their performance in
the trained n-back task (see also previously published results of a subsample of the current
study (Heinzel et al., 2014a)). This was accompanied by training-related decreases in BOLD
signal in lateral prefrontal cortex including MFG and cSFS (BA 6/8) as well as in medial
frontal gyrus/mid-cingulate and supplementary motor area in the 1- & 2-back condition of the
n-back task. Activity decreases in medial PFC and right lateral MFG/cSFS are congruent with
previous findings of training-related activity decreases. In the untrained Sternberg task, we
found a decrease of activity in the training group compared to the control group that was
overlapping with the training-related activity decrease in the n-back task in right MFG/cSFS
exclusively in the delay phase of the updating condition. Similar to the results in n-back,
albeit to a smaller degree, performance in the Sternberg task and other behavioral transfer

tasks increased after training.
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With respect to the five specific aims outlined in the Introduction, these results support
(i) the notion of a training-related increase in processing efficiency as postulated by the
CRUNCH model. (ii) Training-related activation decreases that were found in 1-back and 2-
back (low and medium task demand) and not in 3-back (high task demand) are in line with
predictions from task demand to activation functions postulating a shift in task demand to
activation functions with increasing WM load. Findings specific to the updating condition
suggest that (iii) training-related changes in updating processes are involved in transfer effects
and (iv) that these transfer effects are related to common activation decreases in a region in
right lateral PFC. The question whether (v) this neuronal overlap is related to near and far
behavioral transfer effects remains partly open since most effects were not specific to the
training group. To our knowledge, this is the first study that shows neural correlates of a

transfer effect within the working memory domain in older adults.

Behavioral training and transfer effects

The behavioral training results are in line with other behavioral WM training studies
involving n-back in older adults (Heinzel et al., 2014b, 2014c; Li et al., 2008; Schmiedek et
al., 2010) that reported similar training gains. It has to be noted that in addition to the group
by time interaction, a main effect of time across both groups in the n-back task performance
was found. This indicates that practicing the n-back task three times outside and twice inside
the MRI in the control group may already have induced familiarization effects and led to
small performance increases also in the control group.

In addition to behavioral gains, transfer effects to several untrained behavioral tasks
outside the scanner were detected. The finding of performance increases in the untrained
Stroop and Sternberg updating tasks support our hypothesis that n-back WM training may

lead to an improvement in executive control processing and is in line with previous findings
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in a subsample of this study (Heinzel et al., 2014a). Consistent with the model on executive
functions by Miyake et al. (2000), it seems that transfer effects of n-back training generalize
across executive functions and include both updating as well as inhibition components of
executive functions.

No behavioral transfer effects were found in Digit Span, Digit Symbol, Verbal
Fluency, and Raven’s SPM. These results contribute to the ongoing debate on which transfer
findings can be expected from WM training studies (Melby-Lervag and Hulme, 2013; Redick
et al., 2012; Shipstead et al., 2012; Slagter, 2012). Since the training procedure applied in this
study improved performance in the n-back task, an increase in Digit Span performance (near
transfer task) might have been expected. Contrary to this hypothesis, we did not find any
transfer effect in this test. Digit Span Forward task performance is thought to rely on the
amount of items a participant is able to store for the period of several seconds (Bopp and
Verhaeghen, 2005). Recent meta-analyses have indicated medium-sized transfer effects to
tasks within the WM domain (“near” transfer, (Melby-Lervdg and Hulme, 2013;
Schwaighofer et al., 2015; Spencer-Smith and Klingberg, 2015). Still, an increase in
performance in WM tasks does not necessarily imply an increase in digit span. As discussed
by (Shipstead et al., 2012), despite a large number of studies, evidence for a training-related
increase in short-term memory storage is still not fully convincing as investigating transfer to
Digit Span Forward has produced mixed results (see also Schwaighofer et al., 2015). It may
well be that many transfer effects to other WM tasks are mainly due to an increase in
processing speed, and/or the development of more efficient strategies to update and inhibit
certain information in WM. Also, no transfer to Digit Span Backward was detected, while
performance in other executive tasks (Sternberg updating, Stroop Interference) increased. It
seems that our n-back training may have improved specific executive subcomponents

(updating and inhibition) rather than the manipulation subcomponent of WM or general short-
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term memory storage in the current study. It has been argued that the manipulation
subcomponent of WM which is required for Digit Span Backward, relies more on processes
related to posterior parietal cortex (Champod and Petrides, 2007) as compared to more
prefrontally-based executive processes. This view is further supported by training-related
changes in lateral and medial frontal areas in n-back that overlap specifically with changes in
the updating condition of the Sternberg task in the current study.

Conflicting results in the investigation of transfer to measures of fluid intelligence
(transfer to LPS, but no transfer to Raven’s SPM) might be attributed to different testing
procedures applied. While item difficulty in LPS constantly increased when the test was
carried out, the item difficulty in Raven’s SPM was alternated between easy and difficult
items. Therefore, an increase in processing speed performance as indicated by transfer to D2
test might have facilitated the completion of LPS Figural Relations, but not Raven’s SPM. In
fact, pre-post increase in D2 test scores was significantly correlated with pre-post
performance changes in LPS Figural Relations (r = .50, p = .006), but not in Raven’s SPM (r
= .07, p = .704). However, this interpretation can only be speculative at this point and further
investigations on mechanisms involved in transfer to different fluid intelligence measures are

required.

Neural correlates of training and transfer effects

FMRI results at t1 showed mainly bilateral fronto-parietal activations in all n-back
conditions as well as in the Sternberg task (see Figure 2, and Supplementary Tables S2 and
S3), replicating previous findings of WM studies (for reviews, see (Nee et al., 2013; Owen et
al., 2005). The findings of strong bilateral recruitment of fronto-parietal areas may indicate
age-related effects as discussed in the “hemispheric asymmetry reduction in old age”

(HAROLD) model by (Cabeza, 2002) and the CRUNCH model (Reuter-Lorenz and Cappell,
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2008). While a hemispheric asymmetry towards the left hemisphere was found in younger
adults in verbal WM tasks, older adults show a less asymmetric activation pattern, indicating
compensational mechanisms (Reuter-Lorenz et al., 2000). When WM load was manipulated,
younger adults showed a linear WM load-dependent increment in fronto-parietal activity
while less WM load-dependent variation in fronto-parietal activity has been reported in older
adults (Heinzel et al., 2014a; Nagel et al., 2011), also interpreted in the framework of age-
related compensational activations and capacity limitations.

The t1 data were further used to check if unbalanced allocation to the different scanner
across the two groups had an impact on the results. Note that scanner site was included as a
covariate in all fMRI analyses to control for possible effects of the site. To further assess such
potential effects, we additionally compared activity between training and control group at t1.
No significant differences were found between groups in any fronto-parietal regions, when
correcting for multiple comparisons. The only activation differences were detected in primary
visual cortex in the maintenance conditions and the update-3-condition of the Sternberg task.
This might be due to hardware differences in the stimulus presentation setups between the two
sites. As these effects were cancelled out in pre-post analyses and data quality checks
revealed no differences in mean PSC between sites (PSCiiter = .37%; PSCiiter = .38%), We are
convinced that the pre-post results described in this study can be attributed to effects of the
intervention rather than differences between sites. In addition, we excluded that differences in
reaction times at t2 might underlie the training and transfer effects in the overlap ROI by
showing that activity differences between training and control group were also present when
reaction times were approximately matched between groups (results reported in the
Supplement).

Taken together, the pre-post fMRI results of our study endorse the concept of a

training-related increase in efficiency of the WM system as discussed by Lustig et al., (2009).
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In the group of older training participants, activity during n-back in medial frontal gyrus/mid-
cingulate (BA 6/32) and in right MFG/cSFS (BA 6/8) decreased from tl to t2 selectively in
the training group and not in the control group. Training-related reduction in medial frontal
gyrus/mid-cingulate may be associated with reduced attentional effort for monitoring
response conflict and errors (Ridderinkhof et al., 2004) after the training program. Training-
related activity decreases in right MFG/cSFS in both n-back and Sternberg updating tasks
may reflect that compensatory recruitment of additional brain areas in the right hemisphere, as
postulated by the HAROLD model (Cabeza, 2002) partially recedes through the training
procedure (Erickson et al., 2007; Lustig et al., 2009).

Our results of common activity decreases in low and medium (1- and 2-back) WM
load conditions in the n-back task and Sternberg updating task support predictions from the
CRUNCH model (Reuter-Lorenz and Cappell, 2008), suggesting that less neural resources are
required to achieve the same or even better performance in the n-back task as well as the
Sternberg updating condition after training. According to the CRUNCH model, less or no
training-related decreases in BOLD response would be expected for very difficult tasks. It
seems that in the Dahlin et al., (2008) study, a reason for the absence of neural overlap
between an updating training task and a 3-back transfer task in the older group may have been
the high difficulty of both training and transfer tasks. While older and younger participants in
the Dahlin et al., (2008) study were able to increase their updating performance through
training of a letter memory task, transfer effects to a 3-back task were only present in the
younger adults. Dahlin and colleagues discussed their finding of an increased activity of the
striatum with training as a neural correlate of the regulation of “updating in WM by affecting
dopaminergic modulation of the prefrontal cortex” (Dahlin et al., 2008, p.1512). This seems
plausible in the context of the conceptions of Frank and colleagues (Frank et al., 2001) and

also the findings described by (McNab and Klingberg, 2008) according to which the striatum
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is involved in gating information to the prefrontal cortex during encoding (but see (Kihn et
al., 2013). Dahlin and colleagues (Dahlin et al., 2008) related the missing transfer effects in
the older participants in their study to a deficient functioning of the striatum in old age. The
present study shows that neural transfer effects can be observed in older participants, but that
they are related primarily to activity changes in the right MFG/cSFS. Note that the applied
delayed recognition task was special in its sensitivity to different WM component processes.
We showed that the main overlap between the n-back training effects and the Sternberg
effects was in the right MFG/cSFS during WM updating. This region is part of the dorsal
attention system (for review, see Nee et al., 2013) and has been associated with attentional
control processes involved in WM in several studies (Curtis and D’Esposito, 2003; Gazzaley
and Nobre, 2012; Kok et al., 2006). Therefore, the activity changes observed in the present
study may have been related to decreasing attentional control processes required to cope with
the tasks after training, rather than to training the gating signal from the striatum.
Accordingly, our results support the concept of a training-related increase in processing
efficiency, i.e. requiring less neural resources while gaining higher behavioral performance.
Of note, this effect goes along with a decrease in the need for compensatory mechanisms as
predicted by the HAROLD model, reflected by reduced lateralization, suggesting a plausible
trade-off between increased efficiency and compensatory processes. One hypothesis put forth
from our findings is that indeed such trade-offs generalize across executive functions, as

reflected by the neuronal and behavioral transfer effects found.

Brain-behavior correlations
Results from brain-behavior correlations indicate that pre-post activation decreases in
the 2-back and in the combined 1- & 2-back contrast were related to pre-post performance

increases in 2-back, D2 Test, and LPS Figural Relations Test. Therefore, increased processing
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efficiency, as proposed by activation decreases, might manifest in higher accuracy at medium
difficulty level of n-back as well as in processing speed and fluid intelligence tasks. However,
most brain-behavior relationships were only found in the entire sample, and vanished when
investigating each group separately. Therefore, these associations seem to be not specific to
the effects of training. Within the training group, only the correlation with Digit Symbol
Substitution was found significant, suggesting that training-related brain activation changes in
working memory may be associated with a performance increase in this attention-related
processing speed task. No correlation between behavior in the Sternberg transfer task and the
activity in the overlap ROI in right lateral MFG/cSFS were present. Note that missing links of
training-related behavioral changes and changes in brain activity, does not necessarily
indicate that there was no functional relevance of the changes in brain activity. Changes in
brain activity might affect behavior in numerous ways. For example, they might be part of
changes in functional connectivity patterns, which are known to be crucial for learning-related
plasticity (Greenwood, 2007), but weren't assessed in the current study. Also, they might
reflect the sensitivity of imaging techniques to detect changes that are actually not yet
expressed in behavior. Accordingly, in our view those activity changes can be considered as

relevant even in the absence of correlations with behavioral changes.

Limitations and future research

Some limitations need to be considered when interpreting the results of the current
study. Firstly, the sample sizes were relatively small, group allocation was not random, and
education level was comparatively high, thus generalizing results to the general population
requires replication in larger, randomized, and more representative samples. Larger samples
may allow investigating inter-individual differences in training gains and associated neural

changes in future studies to further understand which participants benefit from this type of
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cognitive training and who does not (see Brehmer et al., 2014 for a discussion on the topic).
Further studies with larger sample sizes would also allow assessing the effects of baseline
differences in more detail. Here, we obtained some trends (i.e. medium-sized effects) for
differences in activity at t1 between training and control group, which, however, did not reach
significance. It can be speculated that the randomization of training and control groups instead
of the matching procedure applied in the current study would have prevented baseline
differences. Larger samples would allow building subgroups that are more precisely matched
with regard to baseline activity in order to test the actual effects of such differences on
training and transfer effects. Also, behavioral transfer effects to the Sternberg task were
mostly present at trend levels only, although effect size analyses and post-hoc t-tests provided
evidence for significant medium-sized behavioral effects in the training group but not in the
control group. Note, that on the behavioral level some trends for training-specific changes
were also present in the maintenance condition. Still, the obtained training-related changes in
the brain data for the updating condition, but not for the maintenance condition indicate that
transfer was potentially related specifically to the updating component of the n-back training.
Further research is required to disentangle the contributions of both operations in more detail.
Secondly, we only included a no-contact control group, therefore social interaction or other
unspecific effects associated with the training procedure might have influenced both
behavioral and neural changes in the training group. In future studies, active control groups
should be included in the study design. Nonetheless, as no general training-related benefit for
all transfer tasks was observed, training-effects do not seem to be solely related to unspecific
effects. Recent research investigating effects of different types of interventions on cognitive
performance in aging indicates that not only cognitive training but also physical exercise may
have beneficial effects (Angevaren et al., 2008; Voelcker-Rehage and Niemann, 2013). An

interesting focus of future research could be to compare different physical and cognitive
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training regimes as well as combinations of both types, as suggested by a recent review on

cognitive and physical interventions (Bamidis et al., 2014).

Conclusion

After 4 weeks of n-back training, BOLD signal in the right MFG/cSFS decreased in
the training group in both the trained n-back and the untrained Sternberg updating task.
Behavioral transfer to processing speed, executive functions, and figural relations (fluid
intelligence) was found. Performance gains in these untrained tasks suggest that transfer to
other cognitive domains may remain possible throughout the lifespan. FMRI findings indicate
a training-related increase in processing efficiency of WM networks, specifically related to

the process of WM updating.
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Table legends

Table 1:

Table 2:

Table 3:

Table 4:

Means, standard errors of the mean, effect sizes (Cohen’s d), and group by
time analyses of variance (F-values, df, and p-values) of the performance
(hitrate minus false alarm rate) in the n-back task (panel A) and the
performance (% correct) in the Sternberg task (panel B) in the training and
control group at pre (t1) and post assessment (t2).

Means, standard errors of the mean, and effect sizes (Cohen’s d) of the
performance (% correct) for all neuropsychological tests in the training and
control group at pre (t1) and post assessment (t2), as well as p-values and effect
sizes (partial n?) of the 2(group) by 2(time) analyses of variance for each test.
Regions, MNI coordinates, t-values, and cluster sizes of significant whole-
brain results of training-related activity changes (group [training group >
control group] by time [t1 > t2] interaction) in n-back and Sternberg tasks.
Only clusters above a cluster size that yielded an alphasim correction threshold
of p < .05, corrected, are reported. Hem = Hemisphere; BA = Brodmann area.
Means, standard errors of the mean, and effect sizes (Cohen’s d) of percent
signal change (PSC) derived from MarsBaR toolbox in the overlap peak (x =
36, y = 17, z = 46) in the right middle frontal gyrus/ caudal superior frontal
sulcus [MFG/cSFS] for each condition of the n-back (panel A) and Sternberg
tasks (panel B) in the training and control group at pre (t1) and post

assessment (t2).
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Figure legends

Figure 1:

Figure 2:

Figure 3:

Panel A: N-back paradigm, example: 2-back; % correct (hitrate minus false
alarm rate) in all n-back conditions at pre- (t1) and post-test (t2) in training and
control group. Panel B: Sternberg paradigm, upper stream: maintenance task
condition, lower stream: updating task condition; % correct for all Sternberg
conditions at t1 and t2 in trainng and control group.

Main effects of task phase at pre-test (t1) in both groups at p < .05 (Family-
wise error [FWE-] corrected for whole brain), k > 10 voxels; upper panel: 0-
back, 1-back, 2-back, 3-back, and combined 1- & 2-back vs. implicit baseline;
middle panel: Sternberg maintenance-3, maintenance-5, updating-3, updating-
5, and combined updating-3 & -5 vs. implicit baseline; lower panel: Sternberg
updating vs. maintenance; load 5 vs. load 3 contrasts.

Panel A: Whole-brain results of training-related activity changes in n-back
(group [training group > control group] by time [t1 > t2]) for 1-back and 2-
back separately, and the combined 1- & 2-back vs. implicit baseline contrast
displayed at p <.005, k > 10 voxels; panel B: Whole-brain results of activation
changes during the task delay phase of the Sternberg updating task (group
[training group > control group] by time [t1 > t2]) for updating-3 and updating-
5 separately, and the combined updating-3 & -5 vs. implicit baseline contrast,
displayed at p < .005, k > 10 voxels; panel C, left section: n-back results are
displayed in yellow, Sternberg updating results in red, and the overlapping
regions are displayed in orange; panel C, right section: Percent signal change
(PSC) in the overlap peak voxel (x = 36, y = 17, z = 46) in the right middle

frontal gyrus/ caudal superior frontal sulcus [MFG/cSFS] in training and
42



Figure 4:

control group at t1 and t2 for the combined 1-& 2-back contrast and for the
combined Sternberg updating-3 & -5 contrast. Results show that activity
decreased in the training group from tl to t2, but did not change in the control
group.

Correlation of performance gain in 2-back with pre-post changes (t2 > t1) in
percent signal change (PSC) in the overlap peak voxel (x =36,y = 17, z = 46)

in 2-back.
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Task effects at t1 for n-back and Sternberg tasks
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Table 1

Panel A: n-back

performance
Tl T2 T2>T1 Interaction Group
Training d Training d Gtraining X Time
Control Control dcontrol
0-back 97.3 96.8 .15 99.2 98.2 .59 73 49| F(1,27)=.13,p=
(0.9) (0.9 (0.4) (0.5 717
1-back 88.1 923 - 965 924 48 97** 01| F(1,27)=5.87,p
(25) (1.8) .50 (0.8) (3.1) =.022
2-back 59.8 61.3 - 803 651 1.16**|1.86** .26 | F(1,27)=22.13,p
(29) (34) .13 (28 (4.0 <.001
3-back 42.2 426 - 581 437 1.04**|1.19** .08|F(1,27)=9.84p=
(35) (38) .03 (35 (3.8 .004
1- & 2- 739 768 - 884 788 97* | 1.99** 15| F(1,27) =20.50, p
back (20) (22) .36 (1.6) (3.4 <.001
Panel B: Sternberg task
% correct
maintain-  97.2 940 56 99.2 952 .65 81 .15 F(1,27)=0.05,p
3 (1.4) (1.5 (1.6)  (1.6) =.82
maintain- 886 905 - 928 884 46 .50* - | F(1,27)=4.92,p
5 (19) (20) .25 (25 (2.6) 22 =.035
update-3 88.1 860 .17 912 875 .33 42 09| F(1,27)=0.46,p
(3.0) (3.2 (35 (3.6) = .51
update-5 756 762 - 80.0 75.0 .38 .35 - | F(1,27)=1.88,p
(29) (3.0) .06 (34) (3.5 10 =.18
update-3 818 811 .07 86.0 813 .39 41* 01| F(1,27)=1.40,p
& (2.7)  (2.8) (2.6) (3.8 =.23
update-5

*p<.05 **p<.01
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Table 2

T1 T2 T2>T1 group x time
Training  Control d  Training Control d iraining ~ Acontrol
p (partial n?)
Digit Span Forward 6.27 6.86 -55  6.60 6.71 -.09 .32 -11  .340(.03)
(.27) (.29) (:27) (.37)
Digit Span Backward  4.80 471 .08 5.20 5.14 .05 34 .40 .937 (.00)
(.30) (.29) (:31) (:29)
D2 Test 403.47 421.64 -22  443.60 419.79 .28 A8** -.02 .003 (.28)**
(20.95) (23.29) (21.72) (22.46)
Digit Symbol 31.47 32.57 -17 33.87 34.57 -.09 32%* .26 .730 (.00)
Substitution (1.58)  (1.89) (1.87) (2.12)
Verbal Fluency 15.33 15.43 -02 16.87 15.71 .23 31 .06 413 (.03)
(1.29)  (1.10) (1.24) (1.38)
Stroop Interference® 71.54 63.56 47  63.66 62.97 .05 -41*%*  -04 .019 (.19)*
(5.08) - (3.75) (4.19) (3.10)
Raven‘s Standard 17.40 15.79 -35 17.73 16.43 31 .07 A4 .807 (.00)
Progr. Matrices (1.17) (1.28) (1.20) (1.00)
LPS Figural 19.13 20.93 -37 22.67 21.86 .18 JTF* .18 .043 (.14)*
Relations Test (1.25) (1.28) (.87) (1.44)
Note:

2 if not otherwise noted, mean values indicate number of correct items

*p<.05 **p<.01

®Stroop interference = time [in sec] for interference task — [(color task * word task) / (color task + word task)]
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Table 3

Contrast / Region MNI Coordinates t- cluster
Hem BA X y z value size

0-back (k > 86, alphasim-corr.) No significant clusters.

1-back (k > 81, alphasim-corr.)

Inferior Parietal Lobule/ Supramarginal R 40 44 -53 36 3.45 113

Gyrus/ Angular Gyrus 54 -46 36 3.42 included

44 -39 42 3.21 included

2-back (k > 85, alphasim-corr.)

Medial Frontal Gyrus/ Anterior Cingulate R 32/9/ 14 -26 46 4.03 251
Gyrus/ Mid-Cingulate Gyrus/ 31/6/ 11 20 42 3.80 included
Supplementary Motor Area/ Paracentral 8/24 14 17 36 3.69 included
Lobule/ Superior Frontal Gyrus

Mid-Cingulate Gyrus/ Paracentral Lobule/ L 24/ 31/ -9 -26 49 3.77 99
Medial Frontal Gyrus/ Medial Frontal -12 -13 46 3.77 included
Gyrus/ Supplementary Motor Area -12 0 42 3.28 included
Superior Temporal Gyrus/ Middle L 39/40 -52 -56 23 3.53 86
Temporal Gyrus/ Angular Gyrus/ -38 -56 16 3.51 included
Supramarginal Gyrus/ -48 -49 32 3.01 included
3-back (k > 86, alphasim-corr.) No significant clusters.

1-& 2-back (k >90, alphasim-corr.)
Medial Frontal Gyrus/ Anterior Cingulate ~ R/L 32/6/ 11 20 42 4.07 166

Gyrus/ Mid-Cingulate Gyrus/ 8/9 8 30 36 3.75 included
Supplementary Motor Area -9 23 46 3.46 included
Middle Frontal Gyrus/ Superior Frontal R 6/8/9 24 7 56 3.92 140
Gyrus/ 18 17 56 3.89 included

34 20 39 3.18 included
Supramarginal Gyrus/ Interior Parietal R 40 47 -53 32 3.43 112
Lobule/ Angular Gyurs 57 -46 39 3.21 included

37 -49 36 3.17 included
Sternberg maintenance 3 & 5 No significant clusters.

(k > 57, alphasim-corr.)

Sternberg updating 3 & 5

(k > 63, alphasim-corr.)

Middle Frontal Gyrus/ Superior Frontal R 8/6/9 36 17 46 4.16 68

Gyrus 27 11 55 3.42 included
21 14 49 3.16 included

Sternberg updating 3 & 5 - overlap with 1-&2-back

Middle Frontal Gyrus R 9/8 36 17 46 4.16 22
Superior Frontal Gyrus/ Middle Frontal R 6/ 8 27 11 55 3.42 23
Gyrus 21 14 49 3.16 included
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Table 4

T2>T1

Training Control d Training Control d Otraining  dcontrol
Panel A: n-back
0-back 089 (.073) -.065(.028) .716 -.177(.110) -.088(.022) -.286 | .726*  .248
1-back 182 (.067) .023(.060) .651 -.101(.103) -.018 (.044) -.269 | .813** 197
2-back 283 (.087) .080(.085) .622  .049 (.114) .124(.061) -.209 | .572*  -.149
3-back 256 (061) .118(.081) .508  .051(.165) .123(071) -.146 | 410  -.018
1- & 2-back  .233 (.068) .052 (.069) .695 -.026 (.096) .053(.050) -.265 | .762** -.006
Panel B: Sternberg
maintain-3 ~ -.037 (.038) -.86(.022)  .404 -.052(.164) -.058(.038) .051 090  -.186
maintain-5  .008 (.030) -.027(.024) .399 -.042(.027) -.006 (.023) -.366 450  -.235
update-3 144 (052) .075(.043) .380 .037(.041) .121(.043) -527 | .566** -.289
update-5 200 (.054)  .056 (.038) .773* .056 (.029) .150 (.044) -.668 | .808*  -.586*
upgate-g & .172(052)  .065(.041) 591  .046 (042) .136(.042) -.634 | .686** -.454
update-

*p<.05 **p< .01
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Highlights for Heinzel et al. Manuscript for Neurolmage (NIMG-15-3057R1)

o Working memory training leads to neural activation decrease in right MFG in aging
e Neural changes in transfer task are related to updating (compared to maintenance)
e Neural correlates of training and transfer effects overlap in right MFG

e Behavioral transfer to executive functions, processing speed, fluid intelligence

o Results advance understanding of neural mechanisms of training and transfer
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