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Abstract

We examined functional activation across the adult lifespan in 316 healthy adults aged 20–89 

years on a judgment task that, across conditions, drew upon both semantic knowledge and ability 

to modulate neural function in response to cognitive challenge. Activation in core regions of the 

canonical semantic network (e.g., left IFG) were largely age-invariant, consistent with cognitive 

aging studies that show verbal knowledge is preserved across the lifespan. However, we observed 

a steady linear increase in activation with age in regions outside the core network, possibly as 

compensation to maintain function. Under conditions of increased task demands, we observed a 

stepwise reduction across the lifespan of modulation of activation to increasing task demands in 

cognitive control regions (frontal, parietal, anterior cingulate), paralleling the neural equivalent of 

“processing resources” described by cognitive aging theories. Middle-age was characterized by 

decreased modulation to task-demand in subcortical regions (caudate, nucleus accumbens, 

thalamus), and very old individuals showed reduced modulation to task difficulty in midbrain/

brainstem regions (ventral tegmental, substantia nigra). These novel findings suggest aging of 

activation to demand follows a gradient along the dopaminergic/nigrostriatal system, with earliest 

manifestation in fronto-parietal regions, followed by deficits in subcortical nuclei in middle-age 

and then to midbrain/brainstem dopaminergic regions in the very old.
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Introduction

Aging of the brain’s structure over the course of the adult lifespan is characterized by 

precipitous declines in gray matter volume in association cortices, especially in the 

prefrontal cortex, and relative sparing of the primary sensory cortices and other regions 

associated with early perceptual processing (for review Rodrigue & Kennedy, 2011; Raz & 

Kennedy, 2009). Similarly, a broad array of cognitive functions decline with age, including 

speed of processing, working memory, episodic memory, and reasoning, but semantic 

knowledge and vocabulary tend to be preserved, or even increase with age (Ackerman & 

Rolfhus, 1999; Park et al., 2002; Puglisi et al., 1988). In contrast to our understanding of 

brain structure and cognition function, considerably less is known about the lifespan 

trajectory of brain function.

Typical cross-sectional comparisons pit young (usually 20–30 year olds) against old adults 

(usually 60–70 year olds). Such extreme group contrasts tend to find evidence for task-

related BOLD “underactivation” in older adults relative to younger adults in some regions 

(e.g., hippocampus) and “overactivation” in many other regions, particularly frontal-parietal 

regions, even when task performance is roughly equivalent for old and young (for review: 

Cabeza, 2002; Grady, 2000; Park & Reuter-Lorenz, 2009; Reuter-Lorenz & Lustig, 2005). 

Thus far, we know little about brain function during critical life periods such as middle age 

and very old age. Hence, the focus of the present study is to characterize neural activity 

cross-sectionally across the adult lifespan (utilizing age as a continuous variable as well as a 

discrete variable with several levels: young, middle, old and very old ages) to investigate 

when in the lifespan and where in the brain shifts in activation occur as we age. We 

investigate these questions on two tasks of theoretical importance: an easy (canonical) and a 

difficult (ambiguous) semantic judgment task.

The canonical (easy) task involves a semantic judgment (“living or nonliving?”) about a 

highly familiar concrete target such as “walrus”, truck”, or “asphalt.” In young adults, this 

task broadly engages the left inferior frontal gyrus and a supporting semantic network that 

includes posterior inferior parietal lobe, middle temporal gyrus, fusiform and 

parahippocampal gyri, dorsomedial prefrontal cortex, ventromedial prefrontal cortex, and 

the middle cingulate gyrus (Binder et al., 2009; Spreng, et al 2010; Thompson-Schill, 2003; 

Wagner et al., 2001). In the aging literature, semantic judgment tasks (e.g., living/non-living 

judgments) have been used to study memory encoding and/or retrieval (i.e., Andrews-Hanna 

et al., 2007; Cabeza et al., 2004; Lustig et al., 2003; Morcom et al., 2007; Bucur et al., 2008; 

Grady et al., 2006; Stebbins et al., 2002) and repetition priming (e.g., Bergerbest et al., 

2009; Daselaar et al., 2005; Lustig et al., 2004). The majority of these studies used extreme 

age groups and have generally reported greater right prefrontal cortex activation in older 

adults compared to their younger counterparts suggesting that older adults require more 

neural activity to make even simple, knowledge-based judgments (Cabeza 2002). It has been 
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proposed that this additional activation acts as a type of scaffolding to preserve behavioral 

function (Park & Reuter-Lorenz, 2009). How and when in the lifespan functional activation 

is altered is largely unknown (although see Park et al., 2013) and thus the first focus of the 

present study was to examine the developmental course of brain activation across the adult 

lifespan in a canonical semantic judgment task condition where individuals made living/

nonliving judgments about straightforward (easy) concrete nouns.

The other major focus of the present study is on the construct of mental effort or processing 

resources—a concept that plays a critical role in prominent theories of cognitive aging. A 

central theme of these theories is that aging is characterized by reduced cognitive resources 

available to allocate to complex mental tasks (e.g., Craik & Byrd, 1982), resulting in steeper 

age-related behavioral decline on difficult compared to easy tasks (McDowd & Craik, 

1988). Despite a large literature on this topic in the cognitive domain (e.g., Glisky 2007), the 

impact of increased processing demand on older adults has received considerably less 

attention in neuroimaging studies of aging, even with extreme age group designs (see 

Reuter-Lorenz & Cappell 2008 for a discussion of this issue). Hence, a second goal of the 

present study is to investigate, across the adult life course, what regions modulate activation 

to increased task processing demands. To assess this, we increased task processing demands 

and examined individuals’ ability to increase neural response when faced with a challenge. 

Specifically, we created a second task condition where individuals were presented with 

ambiguous nouns that required more deliberative processing for a response. In this 

condition, items were typically poor exemplars of living and nonliving categories or had 

multiple meanings that required more processing, e.g., “ghost”, “virus”, “coral”, “speaker”, 

“orange”.

There are many reports on the neural substrates associated with increased processing 

demands in young adults, with evidence that cognitive control regions show increased 

activation, including a frontal-parietal network as well as the anterior cingulate cortex 

(Braver, et al 2009; Braver, 2012; Brown & Braver, 2005). The broader prefrontal-striatal 

executive function network is dopaminergic in nature and includes regions of heteromodal 

association cortices involved in loops with the striatum (Alexander, DeLong, & Strick, 

1986). The circuitry of this dopaminergic pathway originates in the substantia nigra and 

ventral tegmental area, innervates the neostriatum (caudate, putamen and nucleus 

accumbens), thalamus (anterior and dorsomedial nuclei), and prefrontal cortex in partially 

reciprocal loops (Groenewegen et al., 1990). Importantly, these are all areas known to 

undergo the most structural change during the course of normal aging (Raz & Kennedy, 

2009; Rodrigue & Kennedy, 2011), with a precipitous decline in volume (Raz et al., 2003; 

Raz et al., 2010) and in neurochemical receptor structure and function (Volkow et al., 1998). 

Thus, we tentatively hypothesized that regions of this dopaminergic nigrostriatal system 

would be most likely to display age-related alterations in brain activity across the lifespan, 

as these regions are most sensitive to task demands and also most vulnerable to the effects of 

aging.

There are relatively few studies of age-related differences in neural activation to increasing 

task demands (see e.g., Reuter-Lorenz & Cappell, 2008 for a review). Functional imaging 

studies comparing younger and older adults generally find that in more demanding task 
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conditions, younger adults can better modulate neural activity to task demands, often in 

prefrontal and parietal regions (Cappell et al., 2010; Davis et al., 2008; Grady et al., 1998; 

Konishi et al. 1998; Persson et al., 2004; Rypma & D’Esposito, 2000; Schneider-Garces et 

al., 2010; however see Nagel et al., 2009), but there is not yet information about when these 

shifts in modulation to processing demand occur during the lifespan, and whether this shift 

is incremental across the lifespan (i.e., linear) or punctuated by larger, discrete changes at 

certain ages (i.e., stepwise). In particular, we would expect altered modulation of activation 

to processing demand to be most evident in the malleable prefrontal and parietal 

heteromodal association cortices involved in cognitive control in middle-age as this is an 

important period in which structural changes to these brain structures become evident and 

exert cognitive consequences (Raz et al., 2005; Rodrigue & Kennedy, 2011).

With these considerations in mind, the current study investigated the following research 

questions: 1) How does functional brain activation to a canonical semantic judgment task 

differ across the adult lifespan? What regions are age-sensitive and is the relationship linear 

or nonlinear? Given the relative lifespan stability of semantic knowledge, we hypothesize 

that activation in the core brain regions of the semantic network will not differ with age, but 

rather activity outside this network will increase or decrease with age. 2) When processing 

demands are increased, how does age affect modulation of brain activity (comparing low-

demand to high-demand conditions)? We hypothesize that the ability to modulate neural 

activation to task demands will decline with age and, given the vulnerability of the brain 

regions comprising the dopaminergic executive system, these age-related declines in 

modulation of activation to task demand will be seen primarily in heteromodal frontal-

parietal association regions. 3) When in the lifespan do these alterations to demand-

modulation emerge and do different brain regions show different age-trajectories? To fully 

explore functional activation modulation differences in the periods of middle age and very 

old age, about which little is currently known, we will separately examine modulation to 

task demand in the following discrete age ranges: young adulthood (age 20–39), middle age 

(40–59), older adulthood (60–79), and very old (80–89). We hypothesize that different 

regions of the cognitive control system will show different age trajectories. 4) Similarly, we 

examine whether task-related demand modulation is altered linearly with age or whether are 

there greater stepwise shifts between specific age periods (e.g. between middle and old or 

between old vs. very old individuals)? Although there is almost no literature on functional 

activation in very old adults (i.e., 80+ years), we suspect that the age trajectory of altered 

demand modulation may be nonlinear with particularly steep drops in the ability to modulate 

activation to task demand in this very old population.

Methods

Participants

Participants were 316 individuals aged 20–89 (mean 54.07 ± 20.21 years; uniform age 

distribution with 44–48 subjects per decade; 201 women, 155 men) from the Dallas Lifespan 

Brain Study (DLBS). These participants were recruited through media advertisements and 

flyers and underwent health history screening via a health questionnaire as well as telephone 

and personal interviews. All participants were screened against cardiovascular, neurological 

Kennedy et al. Page 4

Neuroimage. Author manuscript; available in PMC 2016 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



and psychiatric disorders, head injury with loss of consciousness > 10 min, and drug/alcohol 

abuse. Participants were native English speakers and strongly right-handed (on the 

Edinburgh Handedness Questionnaire (Oldfield, 1971)). The participants were well-

educated (mean 16.55 ± 2.68 years) and scored highly (28.35 ± 1.27) on the Mini Mental 

State Examination (MMSE; Folstein et al., 1975). MMSE score (r = −.38) and years of 

formal education (r = −.14) decreased with increasing age. See Table 1 for a categorical age 

breakdown of sample demographics. All participants provided written informed consent and 

were debriefed in accord with university human investigations committee guidelines.

MRI protocol

MRI Acquisition—All participants were scanned on a single 3T Philips Achieva scanner 

equipped with an 8-channel head coil. High-resolution anatomical images were collected 

with a T1-weighted MP-RAGE sequence with 160 sagittal slices, 1×1×1mm3 voxel; 

204×256×160 matrix, TR=8.1ms, TE=3.7ms, flip-angle=12°. Blood Oxygen Level 

Dependent (BOLD) fMRI data were acquired using a T2*-weighted echo-planar imaging 

sequence (with SENSE encoding) with 43 interleaved axial slices per volume providing full 

brain coverage and acquired parallel to the AC-PC line, 64×64×43 matrix 

(3.4×3.4×3.5mm3), FOV=220mm2, TE=25ms, TR=2sec, FA=80°. Five dummy volumes 

were discarded at scan time to allow for T1 stabilization.

fMRI Task—In the blocked-design fMRI experiment, participants viewed blocks of “easy” 

(unambiguous) and “hard” (ambiguous) words with regards to their living/nonliving 

categorization. Upon seeing each word the participant made a living or nonliving judgment 

with a button press via their right index (“yes”, was living) or middle finger (“no”, was not 

living). The hard words were intended to impose greater cognitive and neural processing 

demand. Pretesting indicated the hard words had a longer response time and were judged to 

be greater in difficulty than the easy words. A total of 128 words were presented, with eight 

words of one condition within each block for a total of 16 blocks (eight easy and eight hard 

blocks). Additionally, there were three 24-second fixation blocks, which provided baseline 

data for the scan session. Blocks were presented in pseudo-random order. Each word was 

displayed for 2500 ms followed by a 500 ms fixation (crosshair). Total scan time was 7.7 

min, including a 6s fixation interval before the first stimulus block. Words were randomly 

distributed within the easy and hard condition blocks, and responses were recorded using a 

fiber-optic button box held in the right hand. Accuracy was assessed for the easy 

(“canonical”) condition. We note that the difficult or ambiguous living/nonliving judgments 

often had no “correct” answer, so we did not assess accuracy for this condition. Visual 

stimuli were presented using E-prime (Psychology Software Tools, Pittsburgh, PA, USA) 

software projected through the back of the scanner and viewed though a mirror attached to 

the head coil.

fMRI Data Processing—SPM8 (Wellcome Department of Cognitive Neurology, London, 

UK) was used for data preprocessing and statistical analyses were performed using in-house 

scripts and SPM. For preprocessing, functional images were corrected for slice acquisition 

time followed by motion correction. Using the T1-weighted anatomical image for each 

subject as a coregistered intermediary, functional images were normalized to standard MNI 
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template space and resampled into 3 mm3 voxels. Normalized images were smoothed with 

an isotropic 8mm FWHM Gaussian kernel. At the individual subject level, neural activity 

for each task condition was modeled as a block convolved with a canonical hemodynamic 

response function. In addition, six estimates of motion were included as covariates of no 

interest. An AR(1) model was used to handle time-series autocorrelations. Two planned 

group level contrasts were developed for subsequent analysis: easy words vs. fixation (to 

examine the age trajectory of activation to the canonical semantic judgment) and hard words 

vs. easy words (to examine the age trajectory of activation under increased task demand).

fMRI Data Analysis. At the group level, data analysis proceeded in four steps:

1. In the first analysis, we examined patterns of activation associated with the two 

major contrasts of interest collapsed across age: (a) the Easy vs. Fixation contrast 

allowed us to document that we observed the well-established patterns of activation 

evoked in the canonical semantic judgment task and (b) the Hard vs. Easy contrast 

allowed us to observe that the demand manipulation activated appropriate cognitive 

control regions. Because these were coarse-grained analyses that collapsed across 

age and utilized the entire sample size (N = 316), we used a stringent FWE 

corrected p < .01, k > 30 threshold. These analyses provide overview brain maps of 

the broad network of regions activated and deactivated by the canonical semantic 

judgment task and the demand manipulation. The maps are reported as 

Supplemental Data Figures S1 and S2.

2. The next analyses addressed how these two primary contrasts were modified by 

age. Thus, we ran two second-level multiple regression analyses. For the Easy vs. 

fixation contrast, age was treated as a continuous variable, allowing us to assess the 

main effect of age on the canonical semantic judgment task. For the Easy vs. Hard 

contrast, age was again treated as a continuous variable and Demand (Easy vs. 

Hard) was a two-level categorical variable, allowing us to assess an Age x Demand 

interaction to examine whether there were age differences in modulation of 

activation in response to increasing task processing demand. These two analyses 

result in statistical parametric maps of linear age-related increases and decreases in 

activation across the lifespan. These omnibus maps were thresholded at p < .05, 

FWE corrected, k > 30 based on bootstrapping simulation estimates (via 

3DClustSim in AFNI).

3. The third step of the analysis plan explored planned follow-up post-hoc 

comparisons for decomposing the omnibus Age x Demand interaction found in step 

two. To accomplish this, we reconfigured age from a continuous variable to a 

categorical factor with four age levels: young (ages 20–39), middle-aged (40–59), 

old (60–79), very old (80–89). Conducting three age group comparisons (young vs. 

middle; middle vs. old; old vs. very old) allowed us to decompose when in the 

lifespan age differences become apparent and in which brain regions. As these were 

planned “simple main effects” and because examining categorical age group levels 

reduces power relative to the full sample of 316 these follow-up comparisons are 

thresholded at p < .001, k > 30.
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4. Finally, we examined whether there was evidence for nonlinear (e.g., accelerating 

or decelerating) age effects on the two contrasts (Easy vs. fixation and Easy vs. 

Hard). We tested a quadratic age polynomial (age-squared) for significance while 

treating age as a continuous variable in the Easy vs. fixation contrast (thresholded 

at p < .001, k > 30 to maximize detection of this additional polynomial component). 

We conducted an a priori weighted orthogonal contrast [1 1 −1 −1] across the four 

categorical age groups in a factorial model on the Hard vs. Easy contrast to 

examine a hypothesized stepwise age reduction in modulation after middle age 

(i.e., between middle and old age and/or between old and very old ages, 

thresholded at p < .05, FWE corrected).

Results

Behavioral Results from the fMRI Task

To examine behavioral performance on the judgment task we conducted a mixed-model 

GLM on response times (RT) with age as a continuous predictor variable and Task Demand 

(Easy, Hard) as a repeated measures dependent vector. As expected, RTs for the living-

nonliving judgment increased with age (main effect of age: F[1,314]=23, p < .001) and were 

greater for hard words (mean RT = 1276±154 ms) than for easy words (mean RT = 

1021±146 ms; main effect of task: F[1, 314]=289, p < .001) confirming the task demand 

manipulation was effective. Older adults were also disproportionately slower for hard 

judgments than easy judgments compared to younger adults (age x task interaction: 

F[1,314]=4.72, p =.03). Because this interaction reached significance, we used RT as a 

covariate in subsequent imaging analyses. We also assessed living/nonliving judgment 

accuracy in the easy condition. Mean accuracy for the easy living/nonliving judgments was 

86% (.05 SD) and did not differ with age (r = .01, p = .85). Because the hard judgments 

were designed to be ambiguous there were no “correct” responses and therefore they were 

not scored for accuracy.

Neuroimaging Results

Brain Activity Associated with the Canonical Semantic Judgment Task

The semantic judgment task network activated in the whole sample (Easy vs. fixation 

collapsed across age) is illustrated in Supplementary Figure S1A and showed the expected 

effects. These included widespread activation in regions typically associated with verbal 

semantic processing, including the left inferior frontal cortex involved in semantics, ventral 

temporal regions involved in lexical processing, and primary visual and motor cortex 

involved with stimulus viewing and response preparation, respectively. There was also 

robust activation in a subcortical network including caudate, putamen, thalamus, midbrain, 

and anterior cerebellum. Additionally, substantial deactivations occurred in regions 

generally associated with the “default mode network” (brain regions that are typically active 

in young adults during baseline but are actively suppressed under conditions of mental 

challenge (Gusnard & Raichle, 2001; Greicius et al., 2004) and include medial frontal/

anterior cingulate and medial parietal/posterior cingulate regions along with regions in the 

lateral parietal and lateral temporal cortex.
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Age Effects on the Canonical Semantic Judgment Task: Which Regions Differ in Activation 
Across the Lifespan?

To examine the effects of age on activation during the canonical semantic judgment task 

(Easy vs. fixation) we computed a GLM with age as a continuous variable to determine in 

which brain regions activation differed as a function of increasing age. The main effect of 

age was significant and was due solely to increases in activation with age; there were no 

regions of the brain where activation decreased linearly with age. Figure 1A displays the 

statistical parametric map of the linear age-related increase in activation to semantic 

judgments of words1. Age-related increases in activation were evident in three clusters: a 

large cluster of 7661 voxels centered on the bilateral parietal cortices, a large 3003 voxel 

cluster centered in the bilateral cerebellum and extending into temporal cortices, and a 170 

voxel cluster centered on the right middle frontal gyrus. To specify further the large parietal 

and cerebellar clusters, we sampled local maxima subpeaks greater than 4 mm apart 

throughout these two clusters. Peak coordinate information from the three significant 

clusters and representative local maxima subpeaks is displayed in Table 2.

Table 2 reveals the age-related increases in activation to the canonical semantic judgment 

task occurred in several regions in the parietal cluster including bilateral precuneus/BA 7, 

precentral and postcentral gyri, superior parietal regions/BA 7, and right inferior parietal/

supramarginal gyrus and into left middle occipital, middle cingulum (BA 24 and 31), as well 

as bilateral frontal regions including supplemental motor areas/BA 6 and superior frontal 

gyrus/BA 6, and in the right inferior frontal (opercularis). Interestingly, in prefrontal cortex, 

increased recruitment with age was exclusively evident in the right middle frontal gyrus (BA 

9 and 10). See Figure 1A and for a categorical visualization across age groups see 

Supplementary Figure S1B–D. We also observed extensive age-related increases in 

activation in the bilateral cerebellar hemispheres and into bilateral lingual, inferior temporal 

and fusiform gyri. With the possible exception of middle cingulate and fusiform gyri, the 

effects of age on the core semantic network (Binder et al., 2009) are relatively modest. 

Instead, the age effects occur outside the core semantic regions in sensory, motor, response 

preparation and default mode network areas. This suggests that it was the processing/

response components of the task that were affected by age rather than the knowledge-based, 

semantic component.

Based on this analysis, we examined these significant regions of age-related increase by 

extracting mean BOLD parameter estimates (beta weights) from 4 mm spheres around the 

peak voxels in three clusters from the large parietal cluster described in Table 2 including 

bilateral precuneus, bilateral inferior/supramarginal parietal and bilateral middle cingulate. 

Additionally, we selected the maxima from the cerebellar cluster (Lobule VI) and the right 

middle frontal gyrus cluster maxima. We then plotted BOLD parameter estimates as a 

function of age in Figure 1B, and Pearson correlations for the relation of age and BOLD 

estimate for all clusters/subclusters are provided in Table 2. Figures 1A and 1B illustrate that 

age-related increased activation appears generally greater in the right hemisphere than the 

left for most regions and for many of these regions an Age x Hemisphere interaction was 

1Note that controlling for task RT did not significantly alter the results.
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significant (e.g., superior frontal Age x hemisphere F(1,314) = 7.69, P < .0001; precentral 

Age x Hemisphere F(1,314) = 23.86, p < .0001; trend for postcentral Age x Hemisphere 

F(1,314) = 3.51, p = .06; precuneus Age x Hemisphere F(1,314) = 11.05, p < .0001; 

cerebellum VI F(1,3140 = 5.91, p < .02; superior parietal Age x Hemisphere F(1,314) = 

16.12, p < .001; supramarginal Age X Hemisphere F(1,314) = 10.19, p < .002; middle 

frontal Age x hemisphere F(1,314) = 13.58, p < .001). Given that the semantic task relies 

more heavily on the language-dominant left hemisphere, these age-related increases in the 

contralateral right hemisphere regions are in accord with HAROLD predictions (Cabeza 

2002). Notably, it can also be seen from Figure 1B that some regional age-related increases 

in activation are driven by a shift from deactivation in young adults to less deactivation and 

even activation in older adults, especially in the precuneus and cingulate regions. Thus, we 

find that activation in both “default” and “task” regions increase with age; in other words 

there is a general increase in activity, stemming from either increased activation or reduced 

deactivation with age, and no regions of decreased activation with age.

Last, we investigated nonlinear age trajectories in increased activation by adding a quadratic 

polynomial term to the analysis of Easy vs. fixation with age-squared as a continuous 

variable. We found no evidence of nonlinear lifespan effects on activation in this contrast 

(even thresholded at p < .001, k > 30).

Age x Demand Condition (Hard vs. Easy) Interaction: Which Brain Regions Show Age-
Related Differences in Modulation to Task Demand?

First, the broad network of regions comprising the main effect of demand condition (Hard 

vs. Easy collapsed across age) can be seen in Supplementary Figure S2 showing regions 

where brain activity was up- or down-regulated as a function of item processing demands. 

As expected, frontal and parietal association regions and the anterior cingulate, all regions of 

the cognitive control network, increased in response to increased processing demand. In 

contrast, the precuneus, lateral parietal and lateral temporal cortices showed deactivation in 

response to increased task demand.

Next, we focused on the primary question of interest: how age affected modulation of 

functional response to increased task demands. Modulation of activation to demand was 

indexed by the difference in activation from the Easy to the Hard condition; that is, by 

measuring increasing (or decreasing) activity from the canonical semantic judgment to the 

ambiguous judgment. We treated Age as a continuous variable and tested the Age x Demand 

(Hard vs. Easy) interaction. This interaction was significant and Figure 2A and Table 3 

illustrate regions where modulation of activation to increased task demands differed with 

age. We found that the ability to modulate neural response to task-demand decreased with 

age (note in Figure 2a the cool scale for all regions of activity), particularly in the frontal 

and parietal cortex but also in the caudate nucleus and the cerebellum. Put another way, this 

age-related decrease reflects a diminishing response of the brain to increasing task demands 

as people age. To provide more detail about this effect, we plotted BOLD parameter 

estimates from 4 mm spheres around the peak voxel in representative significant clusters 

shown in Figure 2A and Table 3. Figure 2B illustrates these plots and shows consistent 
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linear age-related decreases in modulation of activation to task demands in medial superior 

frontal, inferior frontal, superior parietal and angular gyrus, caudate nucleus and cerebellum.

Decomposing the Age x Demand Interaction: When in the Lifespan are Neural Alterations 
to Increased Processing Demands Evident and Where in the Brain do they Occur?

To decompose the significant Age x Demand interaction, we divided the sample into four 

age subgroups and examined how these age groups differed in their neural response to 

increased task demands. We conducted three separate voxel-wise contrasts of the age 

subgroups (“simple main effects”) to determine in which brain regions: (a) young adults 

differed from middle-age (20–39 year olds vs. 40–59 year olds), (b) middle-aged differed 

from old (60–79), and (c) old differed from very old (80–89). The results of these planned 

follow-up group comparisons are illustrated in Figure 3 and the coordinate information is 

provided in Table 4. As shown in Figure 3, we found minimal age differences between 

young and middle-aged adults in their ability to modulate activation to task demands, 

finding only an area in the superior frontal gyrus along the midline (see Figure 3a). 

However, the comparison of middle-to old-age revealed a substantial decrease in modulation 

of neural response to task demand that was largely localized to the frontal lobe. Effects were 

located in medial superior frontal cortex into the anterior cingulate gyrus, as well as bilateral 

middle/inferior frontal, and right middle/inferior temporal gyri and the caudate and putamen, 

illustrated in Figure 3b. We also noted an increase in modulation in occipital areas in this 

age comparison. Finally, comparison of old-age (60–79) to the very old-age (80+ year olds) 

subgroup revealed additional regions of decreased demand-related modulation that were 

largely left-lateralized and that included the left orbitofrontal cortex, the left supplemental, 

precentral, and postcentral gyri, and in the left subcortical nuclei that are broadly associated 

with the nigrostriatal dopaminergic system: caudate, putamen and dorsomedial nucleus of 

the thalamus, and in the midbrain (substantia nigra and ventral tegmentum) illustrated in 

Figure 3c.

Nonlinear Age Trajectories of Decreased Demand-Dependent Activity Modulation: Which 
Brain Regions Evidence Nonlinear Aging?

To address whether there was evidence for nonlinear age trajectories in the decreased task 

demand modulation we first added a quadratic polynomial term to the analyses of Hard vs. 

Easy with age-squared as a continuous variable. This analysis revealed an accelerating 

decline in demand modulation as age increased in an 85 voxel cluster in bilateral anterior 

cingulate gyrus (x=6, y=48, z=9) extending into bilateral medial superior frontal (x=-12, 

y=51, z=9), indicating that the reduced capacity to modulate activity to increased demands 

accelerates later in the lifespan in a key region of the cognitive control network.

Decreased Demand-Dependent Activity Modulation: Which Brain Regions Evidence 
Stepwise Shifts during Aging?

We also modeled an orthogonal stepwise function contrast in a factorial ANOVA of age on 

Hard vs. Easy using the four categorical age groups as levels of the age variable to further 

address whether there was evidence for stepwise age shifts in activation modulation drops 

(i.e., after middle-age) in the decreased task demand modulation. Interestingly, we found 
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several significant clusters in the brain that were characterized by a stepwise shift (i.e., 

uneven magnitude of decline among age groups) in age-related decreases in activation 

modulation, illustrated in Figure 4. These regions of significant stepwise differences were 

observed in the caudate, putamen, nucleus accumbens, substantia nigra, thalamus 

(dorsomedial and ventrolateral nuclei), anterior cingulate, medial frontal, and lateral parietal 

and inferior frontal cortex, bilaterally. Figure 4 illustrates the stepwise decline across several 

regions stems from both a precipitous decline from old to very old age, as well as steep 

drops after middle-age. A permutation analysis confirmed that middle vs. old differed more 

than young vs. middle or old vs. very old for the majority of ROIs2. Interestingly, many of 

these regions displaying the age-related shift in modulation of activity to task demands are 

subcortical regions that are lower-order areas of the dopaminergic pathways that serve the 

cognitive control system, suggesting that at certain periods of aging, particularly very old 

age, these areas of the system show substantial losses in the ability to modulate to task 

demands. Finally, there is relative stability from young to old age in modulation to task 

demand in the left inferior frontal gyrus and substantia nigra, but then there is a sharp 

decline from old to very old age groups.

Discussion

In this study we investigated age-related alterations in brain activation across the adult 

lifespan during a canonical semantic judgment task, and a more ambiguous judgment task 

that increased task processing demands. This task design allowed us not only to assess 

lifespan differences in activation to semantic processing under conditions of low demand, 

but also to understand age effects on how brain activation is modulated by tasks demand. 

Importantly, unlike prior studies that compared extreme age groups of younger and older 

adults, we tested a lifespan sample of adults from age 20 to 89, allowing us to identify when 

lifespan age differences arise and where in the brain such age-related alterations occur. The 

main findings are summarized and discussed below.

The Canonical Semantic Judgment Task is Characterized Solely by Age-related Increases 
in Activation

Across the adult lifespan, activation to simple living/non-living judgments increased with 

age. No decreases in activation were observed. Regions of increased activation with age 

were widespread including large regions of parietal cortices, along with more selective areas 

in the prefrontal cortex (BA 9 and 10). Age effects spanned both sensory-motor areas 

(supplemental motor, precentral and postcentral gyri) and association cortices (precuneus, 

supramarginal gyrus, inferior parietal), as well as bilateral middle cingulate, inferior 

temporal gyri and cerebellum.

There were three noteworthy aspects of the activation patterns. First, age-related increases in 

activation were more widespread and stronger in the right hemisphere, the side contralateral 

to that primarily used in this verbal task. This pattern is consistent with previous findings 

from extreme age group designs showing greater right hemispheric activity in older adults 

on tasks for which younger adults are left-lateralized (e.g., Cabeza, 2002; Grady, 2000; 

Grossman et al., 2002; Reuter-Lorenz et al., 2000). The activity increased continuously from 
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young to very old age with no evidence of nonlinearity, suggesting that middle age samples 

would show intermediate levels of “over-activation”, between levels observed in younger 

and older groups in prior extreme group studies, adding now to this literature that “over-

activation” is rather a linear phenomenon. Second, and perhaps most importantly, the 

increases in activation occurred outside of the left inferior frontal gyrus, the fundamental 

region typically activated in semantic judgments tasks. Quite strikingly, activation within the 

core regions of the canonical semantic network is largely age invariant. This result 

corresponds with evidence that semantic knowledge is generally preserved with age 

(Ackerman & Rolfhus, 1999; Puglisi et al., 1988). Third, the results showed that increased 

activation with advancing age is predominantly evident in multimodal association regions of 

the brain (cingulate, inferior temporal, cerebellum, and supramarginal, superior and 

precuneus portions of parietal lobe). We also find that prefrontal recruitment with age is 

selective to the right middle frontal gyrus (BA 9 and 10). Thus, we also here extend the 

contralateral (over)recruitment effect seen in age group studies to linear lifespan aging 

studies. This pattern of findings suggests that the increased contralateral recruitment is in 

highly malleable heteromodal association cortices, which is suggestive of the compensatory 

role of increased contralateral (usually prefrontal) cortex proposed by several aging theories 

(e.g., Cabeza, 2002; Park & Reuter-Lorenz, 2009; Reuter-Lorenz & Cappell, 2008) and in 

accord with studies that find that increased neural recruitment, that may be compensatory in 

nature, occurs in regions outside the frontal lobes (e.g., Berlingeri et al., 2012; Bergerbest et 

al., 2009; Huang et al., 2012).

Another interesting general finding is that overall pattern of age-related increases in 

activation included both the additional activation of regions already activated above baseline 

in younger ages, and increasing activation of regions that were deactivated in younger ages, 

for example in the precuneus (Figure 2B). In particular, aging may attenuate the ability to 

suppress or deactivate activity in some regions compared to younger adults, as shown in 

prior extreme groups studies of semantic processing (Persson et al., 2007) and episodic 

memory (Grady et al., 2006; H. Park et al., 2012), where older adults had difficulty 

suppressing activity in the “default mode network”—areas of the brain where young adults 

show more activation at rest. It has been suggested that activity in the default network 

regions are associated with off-task processing and that these regions are disengaged or 

suppressed for optimal performance on cognitive tasks (Gusnard & Raichle, 2001; Greicius 

et al., 2004; Lustig et al., 2003). Taken together it seems that, at least when examined cross-

sectionally, aging is associated with a heightened level of brain activity, arising from 

increased activation, decreased deactivation or both, and the increases are linear across the 

adult lifespan. Consistent with the notion from behavioral studies that there is preservation 

of verbal knowledge across the lifespan, we found activation aging effects largely occur 

outside of canonical semantic processing regions.

Aging is Associated with Decreased Activity Modulation in Response to Increased Task 
Processing Demands

A prominent idea in theories of cognitive aging (e.g., Craik & Byrd, 1982) that has been 

relatively unexplored in the neuroimaging literature on aging (see Reuter-Lorenz & Cappell, 

2008 and Reuter-Lorenz et al., 1999) is that older adults have an ever-shrinking pool of 
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cognitive resources that increasingly limits their processing capacity (measured by speed, 

working memory, and other executive function tasks). Thus a second and particularly 

important focus of this study was to determine how aging affects the ability to modulate 

neural activity when a task becomes more demanding. The Age x Demand interaction we 

observed suggests that the capacity to modulate neural activity in response to increased task 

demands diminished with age. The diminished availability of neural resources for higher 

task demands was evident in the frontal and parietal cortex and in the anterior cingulate, as 

well as in subcortical structures including the caudate, thalamus and cerebellum. Critically, 

the network of brain regions that showed increased activity as a function of age (Figure 1A) 

evidenced minimal overlap with the regions that show decreased modulation to processing 

demand (Figure 2A), suggesting that two separate brain systems appear to be expressing 

distinct aging processes. Importantly, this also demonstrates that the same neural regions are 

not merely hitting a resource ceiling and then unable to activate to increased demand. The 

first set of regions, a semantic processing network manifested on the easy task, is 

characterized by additional recruitment of novel regions, and the second set of regions 

manifested in the demand contrast, is a cognitive control network that is characterized by 

decreasing modulatory ability as we age. Along these lines, we also found that after 

controlling for age, individual differences in activation to the easy canonical task were not 

negatively associated with the ability to modulate to the more demanding condition, 

providing further suggestion that individuals were not hitting a resource ceiling based on a 

higher starting level of activation at the easy task.

Our finding of age-related decrease in modulation to increased processing demand in the 

frontal, parietal and cingulate regions converges with previous evidence from extreme age 

group studies of young vs. older groups (Nagel et al., 2009; Persson et al., 2004; Stern et al., 

2012) These brain regions are part of a control network engaged to meet increased task 

demands (Braver et al., 2009). The observed age-related decreases in these regions reflect a 

reduction of the aging brain’s ability to dynamically respond to increasing task demands and 

may represent the neural equivalent of “processing resources” described by Craik and 

colleagues (Craik & Byrd, 1982).

Interestingly, we note that in addition to the diminished ability to mobilize frontal-parietal 

regions with increased age and task demand, we also report diminished response to 

processing demand in several subcortical regions involved in the dopaminergic pathway, 

including the caudate, putamen, and thalamus. Quite a few studies have implicated the 

caudate nucleus in higher-order cognitive function, ostensibly via the frontal-striatal loops 

(Alexander, DeLong & Strick, 1986) and interestingly, the caudate shows dramatic 

reductions in both volume (Raz et al., 2003) and in dopamine receptor density with aging 

(Bäckman et al., 2000; Wong et al., 1984). Paralleling diminished structure and function in 

the caudate, we found age-related decline in modulation to task demands also in the 

thalamus—primarily the dorsomedial nucleus, which is the primary region of the thalamus 

involved in frontal cortex circuitry. Taken together, these results suggest that aging is 

associated with a reduction in function in the subcortical-prefrontal cortex circuitry 

necessary for higher-order cognition in response to increased task demands. We also found 

decreased modulation in the bilateral cerebellum, specifically in Crus 2 and into Crus 1.The 

cerebellum is increasingly recognized to be crucial for many higher-order cognitive 
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functions (Bernard & Seidler, 2014; Cabeza & Nyberg, 2000; Desmond, 2001), putatively 

via cerebellar-association cortex loops projecting from lobules VI and VII. Indeed, the 

cerebellum evidences some of the most shrinkage of the entire brain with age (Raz et al., 

2010). Our results from this semantic verbal task fit well with a recent cerebellar functional 

topography study showing language activations localized to Cerebellar Crus I and II 

(Stoodley et al., 2012), regions that project to frontal and parietal association cortices.

Life Stages and the Brain’s Functional Response to Increased Processing Demands

Note that we treated age as a categorical variable in decomposing the Age x Demand 

interaction, by dividing individuals into age groups and determining at what stages of the 

adult lifespan declines in modulation of activation occurred. Importantly, we found that the 

transition from middle- to old-age corresponded to the greatest differences, with fewer 

differences from young to middle and from old to very old age. Specifically, when we 

compared young (20 to 39) to middle age (40–59), the differences were few, with only one 

small region in the midline superior frontal cortex that showed a difference in modulation to 

demand. Surprisingly, the difference occurred because there was increased modulation in 

the middle-aged adults compared to the young adults, perhaps as a successful compensatory 

attempt that begins in this age period.

The greatest age differences in ability of the brain to respond to increased processing 

demand emerged in the comparison of middle-age (40–59) to old (60–79) adulthood, where 

modulation of activation to task demand decreased in anterior regions and a region in the 

right middle/inferior temporal gyrus. These anterior regions of decreased modulation include 

midline/bilateral superior frontal and anterior cingulate cortices (BA 32), left caudate 

nucleus, bilateral middle frontal into inferior frontal gyri, and right putamen into the insula. 

In this middle to old-age transition period we see modulation decreases emerge particularly 

in the frontal-striatal network, more so in the right compared to the left hemisphere.

In our final comparison of old (60–79) vs. very old (80–89) adults, we found further 

decreases in modulation to processing demands in this rarely-studied group of very old 

adults. These decreases were found predominantly in the left hemisphere in the oldest 

adults: middle/inferior/orbital frontal, precentral, postcentral and supplemental motor 

cortices, right caudate nucleus, left thalamus (predominately the dorsomedial nucleus), and 

left midbrain gray matter including substantia nigra and the ventral tegmentum. This 

circuitry (through substantia nigra, nucleus accumbens, caudate, putamen and thalamus on 

to prefrontal cortex) comprises the major portion of the dopaminergic pathway in the brain, 

underlies the executive function system, and undergoes significant changes with aging 

(Arnsten, 1993; Bäckman et al., 2006). Thus, in the oldest individuals, the decreased 

modulation effects to the dopaminergic/nigrostriatal system are manifested farther 

downstream when compared to earlier frontal and striatal effects observed in the younger 

and middle-aged groups (Figure 3). While the resolution of fMRI is not suited to fine-

grained examination of this circuitry, the evidence for decline of different components of the 

dopaminergic system at different ages is intriguing in light of the importance of dopamine in 

cognition and in aging (Li, Lindenberger & Bäckman, 2010 for review) and warrants future 

exploration.
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Interestingly, the progression of differences with increasing age appears to proceed from 

specific, demand-relevant regions in younger adults (midline prefrontal and anterior 

cingulate, middle and inferior frontal gyrus and posterior parietal cortices) based on the 

literature (e.g., Braver et al 2009, and based on our analyses in Supplemental Figure 2), to 

more widespread engagement of association cortices (superior frontal, middle/inferior 

frontal, anterior cingulate, middle/inferior temporal) in middle-age, and finally to less 

demand-specific but age-vulnerable regions in older adulthood (orbital frontal cortex, 

additional regions of parietal, and subcortical regions such as the thalamus, caudate, and 

putamen). This progression of activation differences suggests that as we age, reliance on 

particular brain networks shift over time, perhaps because the prior regions have been 

involved to maximum capacity, ostensibly as a compensatory mechanism to support 

performance (Reuter-Lorenz, 2002) or alternately because of dedifferentiation of brain 

regions with age (Goh, 2011). This is further supported by the present evidence of stepwise 

decreases in demand modulation with increasing age in the subcortical structures (substantia 

nigra, caudate, thalamus) and by a study that found an association between reduced 

prefrontal activation and reduced caudate dopamine receptor binding in older adults during a 

working memory task (Bäckman et al., 2011). Further supporting this pattern of functional 

activation decline, we found differences in the magnitude of demand-modulation decreases 

among the age groups. Some regions evidenced progressive decreases (multiple “drops”) in 

activation across examined age groups (e.g., from young to middle, middle to old, and old to 

very old), particularly subcortical regions (thalamus, putamen, caudate, nucleus accumbens). 

Other regions, primarily association cortices, showed stability from young to middle age 

with larger drops in activation observed from middle to old age and from old age to very old 

age: anterior cingulate, medial frontal, right inferior frontal, bilateral lateral parietal. Finally, 

the primary region involved in this semantic task, the left inferior frontal gyrus remained 

stable into old age and then showed a precipitous drop in activation in the very old 

individuals, suggesting a mechanism for the relative sparing of these verbal abilities, at least 

until very old age.

We note that these results are based on cross-sectional estimates of aging rather than within-

person change over time. We also note that we chose one a priori stepwise function to 

examine, in a cross-sectional manner, whether there are age periods where age-related 

differences in activation are greater than others. Many other stepwise functions can also be 

fit to further investigate the shapes of trajectories these differences could assume. Aging 

studies that have utilized a longitudinal design found that an individual’s activation 

decreased over time, at least in a region of the right prefrontal cortex (Nyberg et al., 2010). 

However, around 8% of individuals in that sample did increase in frontal activation over 

time and showed several regions of increase outside of the frontal lobes (including regions 

in the parahippocampal gyrus, superior temporal, occipital, and motor cortices). Thus, 

further longitudinal research is certainly needed to explore these interesting within-person 

activation changes. Longitudinal follow-up is underway in the current sample.

In sum, we provide novel evidence of age-dependent alterations in brain activity observed 

over individuals across the adult lifespan from the 20s through the 80s. Specifically we show 

a continuously increasing level of activation with age during a canonical semantic judgment. 
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Regions that were activated and those that were deactivated in young adults became more 

active with increasing age, suggesting a general pattern of increased activation with age, 

regardless of the starting point. For more demanding judgments (i.e., ambiguous living/non-

living category membership) the increment in activation observed in the young adults (i.e. 

demand-dependent activity modulation) decreased with age. These demand-dependent 

modulation decreases emerge primarily in the transition from middle-aged to old adulthood 

and further decreases in neural modulation are evident into very old age (80–90 years old) 

particularly in regions of the dopaminergic midbrain-subcortical-prefrontal system. Thus, we 

demonstrate both incremental age-associated increases in activation (“over-recruitment”) 

and age-related decreases in neural modulation (“under-recruitment”) in different brain 

regions across the adult lifespan. We also demonstrated a pattern of regional differences in 

age-related demand-dependent modulation decline where middle-age decreases occurred in 

more task-specific brain regions and older age decreases progressed to more downstream 

regions such as midbrain and striatal portions of the dopaminergic pathway. Intriguingly, 

these functional age effects closely mirror structural effects: the so-called “last in-first out 

hypothesis” where, generally, the latest developing brain regions, both ontogenetically and 

phylogenetically, are the earliest to change with age (Raz, 2000; Raz & Kennedy, 2009). 

Our lifespan approach revealed this regional progression with age, which would have been 

unobservable in an extreme age group approach. Future studies will examine if these cross-

sectional estimates of age-related alterations in neural activation are replicated in within-

person changes in activation over time in our longitudinal follow-up currently underway.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
A) Activation to canonical semantic judgments (Easy vs. fixation) increases with age. B). 
Scatterplots of BOLD parameter estimates as a function of age. Increased activation with 

age stems both from activation in younger adults increasing to older adulthood as well as a 

decrease of task-induced deactivation with age. Lowercase letter annotation on the brain 

map and on the scatterplots indicates their correspondence.
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Figure 2. 
A). Regions with age-related decrease in modulation of activation to task demand: Age x 

Demand condition interaction. Modulation of activation to greater task demand decreases 

with age (i.e., the difference in neural response between Hard and Easy becomes smaller 

with age). B). Scatterplots depicting the decreased modulation to processing demand across 

the lifespan, predominately in frontal and parietal regions. Lowercase letter annotation on 

the brain map and on the scatterplots indicates their correspondence.
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Figure 3. 
Breakdown of Age x Demand interaction: Pairwise follow-up age-group comparisons 

showing when in the lifespan decreased modulation of activation to task demand occurs. 

Panel A) comparing modulation in young adults to middle-aged adults, B) comparing 

modulation in middle-aged to older adults, C) comparing modulation in older adults to the 

oldest adults.
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Figure 4. 
Regions of age-related stepwise shifts in task demand-dependent activity modulation. Graph 

bars represent BOLD parameter estimate (± SEM) for Hard vs. Easy by age group (young in 

orange, middle aged in green, old in blue, very old in purple). Regions evidence sizable 

drops in modulation to task demand both after middle age and after old age.
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Table 2

Coordinate table for effect of age on canonical semantic task (Easy vs. fixation) and representative subpeaks

Region k peak (mm)
x y z

t r.age

L/R parietal cluster: 7661

R precuneus (BA 7) 9 −60 63 9.84 .49

R precuneus 12 −69 60 9.64 .48

R precentral 36 −18 60 9.42 .47

    Additional representative subpeaks in cluster*:

    L precuneus −6 −57 63 8.96 .46

    L superior frontal (BA 6) −21 −3 63 8.85 .45

    R middle frontal 39 0 54 8.67 .45

    R superior parietal (BA 7) 24 −57 60 8.65 .44

    R superior frontal (BA 6) 33 −6 63 8.48 .44

    R middle occipital (BA 19) 33 −81 36 8.05 .42

    L superior parietal −18 −54 51 8.03 .42

    L precentral −30 −15 54 8.01 .41

    R postcentral (BA 2) 39 −30 63 8.00 .41

    R supplemental motor area (BA 6) 9 0 63 7.92 .41

    L postcentral −45 −9 48 7.85 .41

    L supplemental motor area −6 −6 63 7.84 .40

    L middle occipital −27 −81 30 7.12 .37

    R middle cingulum (BA 24) 3 −18 45 6.50 .34

    R inferior frontal (opercularis) 42 6 27 6.21 .34

    L middle cingulum (BA 31) −12 −24 39 5.78 .31

    R inferior parietal 27 −45 45 4.98 .31

    R supramarginal gyrus 57 −24 36 5.66 .31

L/R cerebellar cluster: 3003

L Cerebellum (Lobule VI) −15 −72 −24 8.09 .41

R Cerebellum (Lobule VI) 9 −69 −21 7.90 .41

L Cerebellum (Lobule VI) −18 −57 −15 7.72 .40

    Additional representative subpeaks in cluster*:

    L Cerebellum (Lobule IX) −15 −54 −18 7.71 .40

    L Cerebellum (Lobule VII b) −15 −81 −51 7.46 .40

    L Cerebellum (Lobule IV/V) −9 −60 −12 7.20 .38

    L Cerebellum (Crus 2) −3 −78 −36 7.18 .38

    R Occipital (BA 18) 3 −81 −12 7.12 .37

    L Cerebellum (Lobule VIII) −24 −42 −45 7.11 .37

    R inferior temporal (BA 37) 57 −57 −12 7.08 .37

    R Cerebellum (Lobule IX) 15 −54 −51 6.98 .36

    L lingual gyrus −27 −51 −6 6.77 .36

    R fusiform gyrus (BA 19) 24 −54 −12 6.63 .35
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Region k peak (mm)
x y z

t r.age

    R Cerebellum (Lobule VIII) 30 −45 −48 6.61 .35

    R Cerebellum (Crus 1) 48 −66 −24 6.60 .35

    L Cerebellum (Crus 1) −48 −78 −27 6.58 .34

    L inferior temporal −60 −57 −9 6.30 .34

R middle frontal 170 30 39 42 7.60 .39

R middle frontal (BA 10) 30 45 30 6.51 .35

Note. p < .05 FWE corrected, k threshold for cluster voxels > 30; r – Pearson correlation between age and BOLD parameter estimate;

*
subpeaks from 7661 voxel parietal cluster and 3003 voxel cerebellar cluster are local maxima greater than 4 mm apart
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Table 3

Age x Demand interaction (increased age and decreased modulation to task demand)

Cluster k x y z peak (mm) t

L/R medial superior frontal/anterior cingulate 930 0 33 39 8.23

R inferior frontal (orbital)/insula 102 33 27 −6 6.35

L inferior frontal (triangularis)/middle frontal/precentral 310 −48 27 18 6.20

L inferior frontal (orbital) 41 −48 18 −6 5.91

R inferior frontal (opercularis)/middle frontal 259 54 21 36 7.17

L inferior/superior/angular parietal 162 −33 −66 48 6.67

R angular gyrus/inferior/superior parietal 121 39 −57 45 5.82

L/R caudate/L thalamus 497 12 15 9 8.52

R/L cerebellum (Crus2/Crus1) 104 6 −84 −30 6.10

Note. p < .05 FWE corrected, k threshold for cluster voxels > 30
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Table 4

Breakdown of Age x Demand interaction: Age group contrasts for Hard vs. Easy

Cluster k x y z peak
(mm)

t

Young modulation > middle-aged

    None

Middle-aged modulation > young

    L/R/midline superior frontal 36 0 72 27 4.57

Middle-aged modulation > older

    L/R/ medial superior frontal/anterior cingulate 727 −15 24 60 5.55

    R middle frontal/inferior frontal 158 45 6 39 4.43

    L inferior frontal 108 −42 24 30 4.17

    R orbital frontal/inferior 49 51 36 −18 3.98

    R middle/inferior temporal 37 63 −39 0 3.63

    L caudate 41 −12 15 9 4.76

    R putamen/insula 30 33 9 −6 3.87

Older modulation > middle-aged

    L cuneus/calcarine 47 0 −93 24 4.09

Older modulation > very old

    L orbital frontal/middle/inferior 124 −36 51 −3 4.75

    L orbital frontal/inferior 43 −36 30 −6 3.79

    L supplemental motor 32 0 15 54 3.66

    L precentral 32 −42 6 45 3.55

    L postcentral 45 −48 −24 51 3.74

    R caudate 30 21 27 3 3.94

    L thalamus/putamen 63 −18 −18 9 3.73

    L midbrain/cerebellum 75 −6 −39 −21 4.11

Very old modulate > older

    None

Note. p < .001, minimum k threshold for cluster voxels = 30; L = left; R = right; young = 20–39 years old; middle-aged = 40–59 years old; older = 
60–79 years old; very old = 80–89 years old
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