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Abstract

The functional specificity of brain areas is diminished with age and accompanied by the 

recruitment of additional brain regions in healthy older adults. This process has repeatedly been 

demonstrated within distinct functional domains, in particular the visual system. However, it is yet 

unclear, whether this phenomenon in healthy aging, i.e., a reduced activation of task-associated 

areas and increased activation of additional regions, is also present across different functional 
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systems. In the present functional imaging study, comprising 102 healthy subjects, we therefore 

assessed two distinct tasks engaging the sensory-motor system and the visual attention system, 

respectively. We found a significant interaction between age and task in the parietal operculum 

bilaterally. This area as a part of the sensory-motor system showed an age-related decrease in its 

BOLD-response to the motor task and an age-related increase of neural activity in response to the 

visual attention task. The opposite response pattern, i.e., reduced visual attention activation and 

increased response to the motor task, was observed for regions associated with the visual task: the 

superior parietal area 7A and the dorsal pre-motor cortex. Importantly, task performance was not 

correlated with age in either task. This age-by-task interaction indicates that a reduction of 

functional specificity in the aging brain may be counteracted by the increased recruitment of 

additional regions not only within, but also across functional domains. Our results thus emphasize 

the need for comparisons across different functional domains to gain a better understanding of 

age-related effects on the specificity of functional systems.
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Introduction

Physiological processes during healthy aging lead to widespread and apparently massive 

changes in brain structure and neural activity (for review see Goh 2011). Using functional 

magnetic resonance imaging, age-related changes in regional activation patterns have been 

consistently reported in a variety of functional domains including attention (Madden et al. 

2002; Cabeza et al. 2004), visual perception (Grady et al. 1994; Levine et al. 2000; Iidaka et 

al. 2002) and working memory (Rypma and D’Esposito 2000; Grossman et al. 2002). Over 

the last years, several phenomenological and mechanistical accounts have been proposed for 

the description of these changes in functional activation (cf. Reuter-Lorenz and Park 2010), 

e.g., the “posterior–anterior shift with aging” and the “hemispheric asymmetry reduction in 

older adults (HAROLD, Cabeza 2002). A prominent line of arguments supports the concept 

of de-differentiation (Grady et al. 1994; Park et al. 2004). This concept postulates that neural 

representations, which are well segregated in young adults, are considerably less selectively 

recruited in older subjects (Logan et al. 2002). That is, during a particular task (e.g., face 

processing) neural activity is reduced within regions associated with task performance in 

young adults (e.g., the fusiform face-area) and simultaneously increased in regions that are 

not considered to be task-relevant (e.g., the parahippocampal place area).

Reduction of regional selectivity with healthy aging has already been demonstrated within 

several functional systems (Grady et al. 1994; Townsend et al. 2006; Carp et al. 2011) and 

represents a plausible explanation for age-related differences in brain activity. Moreover, 

Dennis and Cabeza (2011) demonstrated evidence for de-differentiation across tasks within a 

particular functional domain (learning) by contrasting age-related effects in an implicit to 

those in an explicit memory task. De-differentiation within a particular functional system 

thus seems to span multiple tasks, i.e., processing demands. In contrast, very little is known 

about age-related changes in (regional) specificity across different functional systems. Such 
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“de-differentiation” across functional systems may be a part of the global changes in healthy 

aging like alterations of local processing or less efficient connectivity (Grady 2008), which 

entails changes in resource allocation and computational strategies.

In the present study, we address this question by examining age-related changes in the 

regional specificity of neural activation across functional systems. Therefore, 102 healthy 

subjects between 21 and 71 years were investigated in a cross-sectional fMRI study. We 

analyzed two functional systems that show age-related within-domain changes in functional 

specificity; the visual attention system (Grady et al. 1994) and the motor system (Carp et al. 

2011). In detail, we tested for age-related changes in regional specificity across both 

functional systems in those regions that were significantly associated with one of these. The 

specific purpose was to identify brain regions that show a decrease of neural activation with 

age for one task (e.g., visual attention) and an increase of activation in response to the other 

task (e.g., motor). Given reports of an age-related decline in visual attention (Kramer and 

Madden 2008) and motor performance (Kaasinen and Rinne 2002; Krampe 2002; Seidler et 

al. 2010), we deliberately employed tasks in which substantial changes in task performance 

with age were not expected, i.e., simple letter counting (visual attention) and finger tapping 

(motor). Also important to our endeavor, these tasks can be expected to feature a limited 

choice of alternative solution strategies as well as clearly distinguishable neuronal correlates. 

In particular, we expected to find specific brain areas for each task, in which one task evokes 

significantly higher activity than the other. Our main focus was then to assess age-related 

activation shifts across tasks (and hence functional systems) by testing for age-by-task 

interactions within these task-associated regions. Such cross-domain effects would provide 

evidence for our hypothesis that an age-related loss of neural specificity is not limited to 

stimulus-evoked effects (e.g., faces; see Goh et al. 2010) or to “de-differentiation” within a 

distinct functional system (e.g., visual domain; see Grady et al. 1994), but represents a more 

general phenomenon.

Materials and methods

Participants

102 subjects participated in the experiment. To provide a balanced age and gender 

distribution, recruitment was stratified into subgroups [20–30 years: 20 subjects (mean age 

25.5 years, 9 females); 30–40 years: 18 subjects (mean age 32.8 years, 8 females); 40–50 

years: 22 subjects (mean age 44.9 years, 11 females); 50–60 years: 22 subjects (mean age 

55.3, 11 females) and 60–70 years: 20 subjects (mean age 63.9, 11 females)]. All 

participants had normal or corrected to normal vision and no history of neurological or 

psychiatric episodes. Participants gave written informed consent to this study, which was 

approved by the Ethical Committee of the University of Bonn.

Neuropsychological and behavioral testing

All volunteers underwent neuropsychological and behavioral testing. They were right-

handed as assessed by the Edinburgh Handedness Inventory (median: 92, IQR: 28.9; 

Oldfield 1971). Each participant was tested on the Mini-Mental State Examination (MMSE, 

Folstein et al. 1975) to exclude potentially sub-clinical cognitive impairment. The Trail 
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Making Test A and B (Reitan 1955), and the Digit Symbol Substitution Test (DSST) of the 

German Version of the Wechsler Adult Intelligence Scale-III (Wechsler 1997; Aster et al. 

2006) were administered to assess processing speed and task switching. For assessing motor 

speed, motor control, and dexterity, the finger tapping test (FTT; Halstead 1947; Behrwind et 

al. 2011) and the pointing task (PT; similar to the CAPSIT Parkinson’s disease test battery; 

Defer et al. 1999) were performed.

fMRI paradigm

As we were interested in age-related changes in regional activation patterns, differential 

performance across the assessed age-range may represent an important confound. Hence, the 

experimental paradigm consisted of two simple tasks for which age-related changes in 

performance were not expected a priori: a visual attention task (COUNT) and a motor task 

(TAP). The former (COUNT) consisted of a letter counting task in which a random series of 

the letters ‘E’ and ‘F’ were visually presented on a screen. The black colored letters 

appeared on a white background for 400 ms with an stimulus-onset-asynchrony (SOA) of 

400 ms. Subjects were asked to identify the number of times they saw a target letter (‘E’) 

and report the number of target letters after each block. This verbal answer was recorded as a 

measure of successful task-completion, but for technical limitations initiation time to answer 

could not be recorded. Given the sustained nature of our task, this reaction time would not 

have been representative of task performance anyways.

The motor task consisted of a bimanual repetitive finger tapping task, requiring the subjects 

to press response-buttons alternatively with their left and right index finger, respectively. To 

minimize inter-individual performance differences, participants practiced this task prior to 

scanning, attempting to match a tapping speed frequency of 5 Hz. During training, subjects 

were given feedback if they were tapping too slow (<4.6 Hz) or too fast (>5.4 Hz) and were 

instructed to speed up or slow down, respectively. After maintaining the requested tapping 

frequency seven times in a row, tapping speed was considered stable and subjects were 

moved to the scanner. To match the visual input between both tasks, the letter ‘X’ was 

presented in the same manner as the letter-sequence in the COUNT task (stimulus duration 

400 ms, SOA 400 ms). Subjects were instructed to look on the screen but to disregard the 

letter ‘X’. As the finger tapping was no speeded reaction task but rather asked the subjects to 

perform internally triggered movements (cf. Hoffstaedter et al. 2013), this task likewise 

yielded no response times that could be analyzed in a meaningful fashion. Performance 

indicator for this task was determined by the response variability, i.e., the variance for the 

inter-response interval (IRI, Apitz et al. 2010) between the finger movements (left/right), 

reflecting motor coordination.

The study itself was set up as a block-design with either the TAP or the COUNT task being 

presented in each individual block for 24 s. Blocks of either task were repeated five times in 

a randomized sequence with breaks of 8 s between blocks served as implicit resting baseline. 

The paradigm was presented via a mirror installed on the head-coil through which the 

subjects followed the presentation of the paradigm on a TFT screen behind the scanner. To 

minimize head movements every subject was stabilized with pads within the head-coil.
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fMRI data acquisition and pre-processing

Images were acquired on a Siemens Tim-Trio 3T whole-body scanner (Erlangen, Germany), 

using blood oxygenation level dependent (BOLD) contrast (2D-echo-planar imaging (EPI) 

pulse sequence, repetition time (TR) = 2,200 ms, echo time (TE) = 30 ms, in-plane 

resolution = 3.1 × 3.1 mm, 36 axial slices, 3.1 mm thickness) covering the whole brain. 

Image acquisition was preceded by three dummy scans to allow for longitudinal equilibrium 

that were discarded prior to further processing with SPM8 (www.fil.ion.ucl.ac.uk/spm). In 

the preprocessing, the EPI images were first corrected for head movement by affine 

registration using a two-pass procedure, by which images were initially realigned to the first 

image and subsequently to the mean of the realigned images. After realignment, the mean 

EPI image for each subject was co-registered to the Montreal Neurological Institute (MNI) 

gray matter template. For normalization the mean EPI images were segmented into gray 

matter, white matter and cerebral spinal fluid using the “unified segmentation” approach 

(Ashburner and Friston 2005). The resulting parameters of a discrete cosine transform, 

which define the deformation field necessary to move subject data into MNI space, were 

then combined with the deformation field transforming between the latter and the MNI 

single subject template. The ensuing deformation was subsequently applied to the individual 

EPI volumes which thereby were transformed into the MNI single subject space and 

resampled at 1.5 mm isotropic voxel size. The normalized images were spatially smoothed 

using an 8-mm full width at half maximum (FWHM) Gaussian kernel to meet the statistical 

requirements for statistical inference by Gaussian random field theory and to compensate for 

residual macroanatomical variations across subjects.

fMRI image analysis

The imaging data were analyzed using a General Linear Model as implemented in SPM8. 

Each experimental condition (TAP, COUNT) was separately modeled as a block-vector input 

function using the stimulus onset and the time of the respective block. The verbal answer of 

the COUNT condition and the instruction preceding each task-block were modeled 

separately to reduce confounding variance within the implicit baseline (breaks between 

blocks). Each input function was convolved with a canonical hemodynamic response 

function and its first-order temporal derivative to yield the final regressors. To improve 

analysis specificity the movement parameters (x-translation, y-translation, z-translation, 

pitch, roll, and yaw) as estimated during image realignment were also included as confound 

regressors of no interest. Low-frequency signal drifts were filtered using a cut-off period of 

128 s. Parameter estimates were subsequently calculated for each voxel using weighted least 

squares to provide maximum likelihood estimators based on the temporal autocorrelation of 

the data (Kiebel et al. 2003). For each subject, simple main effects for each of the two 

experimental conditions were computed by applying appropriate baseline contrasts. These 

individual first-level contrasts were then fed to a random-effects group-analysis using an 

ANOVA (condition factor: TAP or COUNT, blocking factor subject) with age x condition 

effects entered as a covariate. Thus, the variance explained by age is estimated for each 

factor separately. The statistical design allowed, therefore, testing the effects of condition 

(mean across all subjects) and the effects of age on each condition separately. In a 

subsequent analysis, we also assessed potential gender differences and in particular possible 

task × gender interactions (indicating different cognitive strategies or neuronal correlates 
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thereof between males and females) again using an AV-OVA design with the same general 

setup but modeling male and female subjects as separate groups. In the modeling of variance 

components, violations of sphericity were allowed by modeling non-independence across 

images from the same subject and allowing unequal variances between conditions and 

subjects using the standard implementation in SPM8.

Contrasts and thresholding

The main effect of each task (TAP, COUNT) was delineated by contrasting the 

correspondent task regressor with the implicit baseline. Regional preference for a particular 

task was investigated by contrasting the task of interest against the other (e.g., TAP > 

COUNT) in conjunction with the main effect of the relevant task (e.g., TAP > baseline). In 

this context, it should be noted that such preferential activation does not imply task-

specificity in the strict sense as, thus, would require to show the absence of activation in the 

respective other task. Providing evidence for absent effects, however, is not feasible with 

classical statistics, as a non-significant test does not imply proof of then null-hypotheses 

(absence of evidence is not evidence of absence). Within the statistical framework of 

classical inference, significantly stronger activation by, e.g., TAP relative to COUNT, in 

combination with significant activation for TAP may thus be deemed the best possible 

evidence that the respective area is preferentially recruited by (in this example) the motor as 

compared to the visual attention task.

Given the aim of this study as outlined in the introduction, our main focus rested on testing 

for an age-by-task interaction within regions significantly associated with the respective 

task. We were thus interested in COUNT-associated regions (significantly higher activated 

during COUNT than during TAP) where activation decreases with age during COUNT but 

increases with age during TAP. Key to the investigated interaction-effects is thus the 

reduction of activation for one task in combination with an increase of activation for the 

other, i.e., a reduction of the relative differences in BOLD-response that results from activity 

levels across the two tasks becoming more similar.

To delineate such effects indicating a change in regional specificity across functional 

systems, we employed global conjunctions across the contrast for task-associated regions 

(e.g., TAP > baseline and TAP > COUNT) in conjunction with the respective age regressors 

(in this example, negative weighting of the age regressor for the TAP condition and positive 

weighting of the age regressor for the COUNT condition). Finally, age-related correlations 

on neural activation for both experimental tasks were identified by contrasting the task main 

effect with the correspondent age regressor. This was done for both the positive and negative 

weighted age regressor. As the present study not focuses on these age-related effects, these 

results will be reported in the supplementary material.

All different effects and covariate-analyses were thresholded at p < 0.05 (family wise error 

(FWE)-corrected for multiple comparisons at the voxel cluster level; clusterforming 

threshold at voxel level: p < 0.001), while the obtained activations were anatomically 

localized using the cytoarchitectonic maps of the Juelich-Duesseldorf Cytoarchitectonic 

Atlas (Zilles and Amunts 2010) as implemented in version 1.8 of the SPM Anatomy toolbox 

(Eickhoff et al. 2005, 2006b, 2007; www.fz-juelich.de/inm/inm-1/spm_anatomy_toolbox).
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Test for changes of gray matter probability

The repeatedly demonstrated age-related change of gray matter volume in the human brain 

(Ge et al. 2002; Sowell et al. 2003; Walhovd et al. 2005; Lehmbeck et al. 2006; Giorgio et 

al. 2010) provokes the assumption that such structural alterations may confound age-related 

findings in terms of neural activity. We therefore tested the gray matter probability for each 

region showing an age-by-task interaction. To this, normalized and segmented T1 images 

were used in which for every brain voxel a specific probability value for each brain tissue 

class (gray matter, white matter, and cerebrospinal fluid) is denoted. By correlating the mean 

gray matter probability values of all voxels within a relevant brain region with age, changes 

of the gray matter distribution were estimated.

Results

Neuropsychological and behavioral results

Performance for the MMSE was within the clinically normal range (mean: 29.2 ± 1.0, 

minimum: 27), indicating that no subject suffered from cognitive impairment. Performance 

for the neuropsychological tests performed outside the scanner was significantly correlated 

with age in our group of 102 subjects. In particular, we found that performance correlated 

negatively with age in tests related to attention (TMT-A, TMT-B and DSST; cf. Table 1) and 

motor control (PT and FTT; cf. Table 1). These results thus confirm that our cohort showed 

the expected decline in processing-speed and executive functions with increasing healthy 

age.

Analysis of the motor task specific performance indicator yielded no significant correlation 

of the individual IRI-variance with age, demonstrating stable task performance with 

increasing age. The performance for the letter counting task was determined by correlating 

the error rate (deviation from correct number of target letters) with age. Again, no significant 

correlation with age was found, indicating likewise a comparable performance between 

younger and older adults. In summary, the significant age-correlations for the more 

challenging neuropsychological tests administered outside the scanner together with the 

absent age-effects for the experimental conditions indicates that our subjects indeed show 

the expected general decline in cognitive-motor functioning, but this did not impact their 

performance in the deliberately simple experimental tasks.

Imaging results

First, the general activation pattern for each task is described, respectively. Afterward, task-

associated regions, i.e., regions showing significantly higher activation during one task 

compared to the other task are reported. Several task-associated regions showed an age-by-

task interaction. These regions are specified finally.

The local maxima of all reported activations and their anatomic classifications are listed in 

detail in the supplementary tables S2-S4.
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Activation pattern during the motor task (TAP)

During the finger tapping task, a characteristic motor network consisting of the primary 

motor cortex (area 4a, 4p; Geyer et al. 1996), the supplementary motor area (SMA), the 

somatosensory cortex (area 1;Geyer et al. 1999), the secondary somatosensory cortex 

(parietal operculum, OP1-4; Eickhoff et al. 2006a; Eickhoff et al. 2006c), the frontal 

operculum close to the Pars opercularis (area 44; Amunts et al. 1999), the middle frontal 

gyrus as well as the thalamus, the basal ganglia and the cerebellum showed significant 

activation. Moreover, in accordance with the concurrent presentation of continuous visual 

input (letter ‘X’) we also observed significant activation in extrastriate visual areas (area 18, 

hOC3v; Amunts et al. 2000; Rottschy et al. 2007) and the inferior temporal gyrus (ventral 

stream for visual processing).

Activation pattern during the visual attention task (COUNT)

The letter counting task evoked significant activation in the primary visual cortex (area 17; 

Amunts et al. 2000), the extrastriate visual cortex (area 18, 19, hOC3v, hOC4v; see Rottschy 

et al. 2007 for hOC4v), the fusiform gyrus (area FG2; Caspers et al. 2012), inferior and 

superior parietal cortex (area PFm, area hIP3, area 7A; Caspers et al. 2006, 2008; 

Scheperjans et al. 2008a, 2008b), premotor cortex, pre-SMA, anterior insular cortex, 

thalamus, basal ganglia and cerebellum (Table S1).

Task-associated regions

During TAP, higher activation compared to COUNT (and significant activation over 

baseline) was found bilaterally in supplementary motor area (SMA) and adjacent caudal 

dorsal pre-motor regions, the primary motor cortex (area 4a, 4p), somatosensory cortex (area 

3b, 1, 2; Geyer et al. 1999; Grefkes et al. 2001), the frontal (area 44) and parietal operculum 

(area OP1), the thalamus and the cerebellum. Right-lateralized effects were observed in the 

middle frontal gyrus and the pallidum (Fig. 1).

The COUNT condition evoked significantly higher activity than TAP (and baseline) 

bilaterally in the extrastriate visual cortex (area hOC3v, hOC4v, hOC5; Malikovic et al. 

2007; Rottschy et al. 2007) extending into the middle and superior temporal gyrus (occipito-

temporal cortex, cf. Fig. 1), the precentral gyrus and posterior inferior frontal gyrus (pre-

motor area 6 extending into area 44), pre-SMA, the intraparietal areas hIP3 and hIP2 (Choi 

et al. 2006; Scheperjans et al. 2008a; b), superior parietal area 7A, the middle occipital gyrus 

and the anterior insular (Fig. 1).

Age-related cross-domain effect (age × task interaction)

Subsequently, we tested for regions that were significantly associated with one of the two 

tasks, i.e., significant in the analyses presented in the last paragraph, and showed a 

significant age-by-task interaction. More precisely, we tested whether any of the TAP-

associated regions (regions significantly more activated during TAP compared to COUNT or 

baseline) showed an age-related decrease of activation during TAP and an increase of 

activation during COUNT. Regions were only associated with TAP or COUNT, in the 

analysis above, if they showed a significant main effect of task, respectively.
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For the identification of COUNT-regions showing such an age-by-task interaction, we tested 

for COUNT-associated regions (significant main effects of COUNT > TAP and COUNT > 

baseline) in which activation decreased with age during COUNT, and increased with age 

during TAP. As depicted in Fig. 2, the superior parietal area 7A and rostral parts of the 

dorsal premotor cortex (DPMC) bilaterally showed this distinct activation pattern (Fig. 3). In 

contrast, for TAP-associated regions (defined by featuring significant main effects of TAP > 

COUNT and TAP > baseline), a pattern of decreased activation with age during TAP and 

simultaneously increased activation during COUNT would represent the respective age-by-

task interaction indicating a shift of functional specificity. This kind of activation pattern was 

observed in the parietal operculum (parts of areas OP 1, OP 2, OP 3, and OP 4) bilaterally 

(Figs. 2, 3).

In a subsequently conducted categorical analysis using a 2 × 2 factorial design [factor one: 

age (young/old) factor two: condition (count/tap)], these effects were confirmed, thereby 

strengthening our findings (cf. supplementary material).

Test for gender-specific effects

The subsequently conducted gender-specific ANOVA yielded no significant interaction 

between task × gender or age × gender within any of the reported regions.

Test for changes of gray matter probability

The analysis of the gray matter probability for each region showing an age-by-task 

interaction revealed no significant correlations with age. Hence, confounding results related 

to structural changes in gray matter can be excluded for these regions.

Discussion

In this study, we investigated age-dependent changes in regional specificity of fMRI activity 

across two different functional systems: the motor system (task TAP), and the visual 

attention system (task COUNT). We first delineated brain regions significantly associated 

with either the motor or the visual attention task. A clearly differentiated activation pattern 

was observable for both tasks. Subsequently, we tested for age-by-task interactions within 

these regions. For the majority of regions within both task-associated networks no 

interaction was found. However, we identified specific sub-regions within both task-

associated, i.e., differentiated, networks, showing such interaction by decreased activation 

during the associated task and increased activation during the other task, which resulted in 

reduced differences in evoked activation between both tasks. Such age-related changes of 

functional specificity were found in the superior parietal area 7A and the dorsal premotor 

cortex bilaterally within the COUNT-associated regions and the parietal opercular cortex 

(partly areas OP1, OP2, OP3, and OP4) within the TAP-relevant regions. Notably, the 

relative increase of activation in the task unrelated area may reflect a reduced de-activation, 

i.e., less inhibition of the BOLD-response relative to the implicit baseline. The lack of 

gender-specific differences for the regions showing this age-related interaction argues 

against potential gender-specific mechanisms and toward a general phenomenon evident in 

both males and females.
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Reduced specificity across functional domains

Activation in motor-associated regions increased during the visual attention task with age 

but decreases during the motor task, and vice versa, indicating a significant interaction 

between age and task (functional system). In particular, we found a reduced difference in 

TAP-COUNT evoked activation strength in elderly subjects within the parietal operculum 

bilaterally, which was partially attributed to lower activity of these regions during the TAP 

task (cf. Fig. 3). Moreover, these regions also showed a relative increase of activation below 

the implicit baseline (less inhibition) during COUNT with age. In analogy, we demonstrated 

the reverse pattern in two bilateral regions that were functionally associated with the 

COUNT task, namely area 7A within the superior parietal cortex and the rostral parts of the 

dorsal premotor cortex (DPMC). The reduced difference in activation strength may reflect 

reduced functional specificity and, in turn, increased integration between functional systems, 

which implicates “de-differentiation” across different functional systems. These shifts in 

functional response patterns may even represent a general pattern of age-related changes in 

brain activity. In this context, it is important to emphasize that we did not consider any 

effects within brain regions, which per se showed shared activation between both tasks. All 

regions reported above showed a clear preference for either the motor or the visual attention 

task as evident from the significant difference in the main effects. All identified regions 

actually featured deactivations in the “non-pre-ferred” task in younger subjects (cf. Fig. 3). 

The obtained effects thus represent changes in recruitment of brain areas that are specifically 

associated with one of the tasks in younger subjects. To this end, it needs to be stressed that 

the observed effect do not reflect a “reversal of functional preference”, i.e., there is no region 

that is associated with TAP in younger and COUNT in older subjects. Rather, activation 

strength for both tasks (COUNT and TAP) tended to become more similar to each other and 

less different from the implicit baseline with increasing age for all regions. This pattern thus 

reflects a loss of neural specificity relative to the implicit resting baseline in one task and a 

relative de-activation in the other. In this context, it is worth-mentioning that the implicit 

baseline by no means represents an absolute zero reference without ongoing activity. It is 

well established that meaningful neural activity is also going on in the human brain during a 

“resting state” in which subjects are not focused on an external task (Raichle et al. 2001; 

Buckner et al. 2008; Schilbach et al. 2012). Independently of this relative reference to 

baseline, the revealed interaction effect may be interpreted as evidence for decreasing 

functional specificity of task-associated regions with age, in which neural activity becomes 

more similar to baseline for both tasks.

While the parietal operculum showed a significant preference for the TAP as opposed to the 

COUNT task and conversely area 7A and the dorsal premotor cortex showed a significantly 

stronger recruitment in the COUNT as opposed to the TAP task, it should be remembered 

that these regions are not exclusively recruited by finger tapping or visual attention tasks, 

respectively. Like any other region in the brain, these areas seem involved in many processes 

pertaining to motor execution, sensory processing or cognitive functions. The parietal 

operculum (OP1) as part of the secondary somatosensory cortex is involved in 

somatosensory integration (Eickhoff et al. 2010) and bimanual processing (Disbrow et al. 

2001), but has also been implicated in tactile working memory, stimulus discrimination, and 

perceptual learning (Romo et al. 2002; Pleger et al. 2003; Burton et al. 2008). Likewise, area 
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7A is not only part of the dorsal visual stream and involved in visuospatial attention (Hahn et 

al. 2006; Kelley et al. 2008). It has also been associated with action observation (Buccino et 

al. 2001; Caspers et al. 2010), motor execution (grasping and sequential finger movements), 

visuo-motor integration (Battaglia-Mayer and Caminiti 2002; Rizzolatti and Matelli 2003; 

Pellijeff et al. 2006) and mental simulation (Grezes and Decety 2001). The DPMC, finally, 

plays a role in several cognitive and motor related processes, e.g., conditional visuo-motor 

associations (Cieslik et al. 2012), response selection or motor imagery (Grafton et al. 1998; 

Naito et al. 1999; Toni et al. 1999). All three regions may thus be recruited by different 

functional systems depending on specific demands of the task at hand. It may hence be 

argued that these areas may implement processes rather than tasks (Eickhoff and Grefkes 

2011), which then with age get differentially recruited to fulfill a given task.

The present data lead to the conclusion that the observed cross-domain effect reflects a 

functional plasticity throughout the human life-span leading to a less specific recruitment of 

neuronal processing. While each area maintains its process-specificity, the less specific 

recruitment of these processes manifests as a loss of specificity at the level of experimental 

tasks. In this context, a decrease of activation for one task may reflect reduced recruitment of 

this (in young subjects highly task-associated) process while conversely the same area, i.e., 

process, gets more recruited (less inhibited) in the context of another task. How the reduced 

activation of (in young subjects) task-associated regions and relative increase of activation in 

regions primarily associated with a different task in elderly are causally related, remains to 

be investigated. It was argued that insufficient activation of originally task-associated regions 

requires the recruitment of (auxiliary) processes or, conversely, that failure to inhibit 

competing processes leads to cross-talk and hence reduced task-associated activity (cf. 

discussion in Goh et al. 2010; Carp et al. 2011). However, the present data indicate that 

reduced task-specificity is present across functional systems rendering observations of age-

related regional hypo-or hyperactivation condition on the actual task at hand.

The effect of decreased neural specificity across functional systems

Whether the observed less specific recruitment of neuronal processing is beneficial or 

detrimental for the respective behavioral performance cannot be answered from the current 

data as both tasks were kept deliberately simple to avoid confounding influences of task 

performance. Reduced neural specificity (at the level of regional activation in experimental 

tasks) has repeatedly been linked to age-related impairments of neural processing (Duverne 

et al. 2009) and performance declines (Li et al. 2001; Li and Sikstrom 2002). The present 

results deviate somewhat from this view as in spite of clear cross-domains effect resembling 

what has been termed “de-differentiation” within, e.g., the visual system; older subjects 

successfully performed both experimental tasks (COUNT and TAP). Given that this 

performance may be attributed to ceiling-effects in our simple tasks, we would not 

necessarily conclude a supportive effect of such shifts in recruitment. Nevertheless, we 

would propose that successful task performance at least argues against a clearly detrimental 

effect. In line with this view, Cabeza (2002) attributed compensatory effects to another 

aspect of less specific brain activation in elderly, namely bilateral activations in older adults 

during tasks that evoke unilateral activation in younger adults (HAROLD, cf. Reuter-Lorenz 

and Lustig 2005).
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Summary

The present results demonstrate a significant age-by-task interaction across different 

functional domains, mirroring effects of “de-differentiation” previously demonstrated within 

distinct functional systems (Grady et al. 1994; Carp et al. 2011; Goh 2011). From the 

obtained behavioral data, we would argue that this less specific task-related recruitment of 

cortical areas should represent a non-detrimental process. On a more conceptual level, this 

age effect also prompts considerations on the nature of functional specialization as it 

suggests that the mapping between regional processes and experimental tasks may undergo 

age-related changes. Our results thus emphasize that comparing activation patterns across 

different tasks (from different domains) is necessary to investigate age-related alterations of 

neural activation (cf. Grady 2012).
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Fig. 1. 
Brain activation that is significantly stronger activated to the visual attention task (blue 
cluster) and to the motor task (green cluster). These activations are independent of age as the 

covariate (age) was not included in these particular contrasts. M1 primary motor cortex, S1 
primary somatosensory cortex, PM pre-motor cortex, OP1 parietal opercular area 1, 7A 
superior parietal area 7A, SMA supplementary motor area, AIC anterior insular cortex, put. 
putamen, pal. pallidum, thal. thalamus, MTG middle temporal gyrus, OTC occipital cortex 

extending into temporal cortex, lob. lobule (cerebellum); all results are FWE corrected on 

voxel level (p < 0.001)
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Fig. 2. 
Task-associated regions showing an age-related increase of activation in response to their 

associated task and a decrease in response to the other task, i.e., an age-by-task interaction. 

Blue cluster COUNT-associated regions showing a decrease of neural activation during 

COUNT and an increase during TAP; Green cluster TAP-associated regions showing a 

decrease of neural activation during TAP and an increase during COUNT, DPMC dorsal pre-

motor cortex, OP(1–4) parietal opercular areas 1–4, 7A superior parietal area 7A; FWE 

corrected on voxel level (p < 0.05)
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Fig. 3. 
Dependence of brain activation on age in task-associated brain regions for both experimental 

conditions (TAP and COUNT). The activation strength reflects the beta-value of the voxel 

with the highest activation (maxima) in the respective cluster for each single subject. Each 

single dot therefore mirrors the change in BOLD signal by the respective condition in a 

single subject. COUNT-associated regions are represented by the four upper plots, whereas 

TAP-associated regions are represented by the four lower plots
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Table 1

Neuropsychological test scores correlated with age

Test ρ (rho) p value

Trail Making Test A (TMT-A)
a 0.48 <0.001

Trail Making Test B (TMT-B)
a 0.55 <0.001

Digit symbol substitution test (DSST)
b −0.47 <0.001

PT (right)
a 0.23 0.022

PT (left)
a 0.19 0.049

FTT (right)
b −0.45 <0.001

FTT (left)
b −0.31 0.002

a
Data failed test for normality (Spearman rank correlation)

b
Data passes test for normality (Pearson product moment correlation)
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