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We explored the effects of aging on 2 large-scale brain networks, the
default mode network (DMN) and the task-positive network (TPN).
During functional magnetic resonance imaging scanning, young and
older participants carried out 4 visual tasks: detection, perceptual
matching, attentional cueing, and working memory. Accuracy of
performance was roughly matched at 80% across tasks and groups.
Modulations of activity across conditions were assessed, as well as
functional connectivity of both networks. Younger adults showed
a broader engagement of the DMN and older adults a more extensive
engagement of the TPN. Functional connectivity in the DMN was
reduced in older adults, whereas the main pattern of TPN
connectivity was equivalent in the 2 groups. Age-specific connec-
tivity also was seen in TPN regions. Increased activity in TPN areas
predicted worse accuracy on the tasks, but greater expression of
a connectivity pattern associated with a right dorsolateral prefrontal
TPN region, seen only in older adults, predicted better performance.
These results provide further evidence for age-related differences in
the DMN and new evidence of age differences in the TPN. Increased
use of the TPN may reflect greater demand on cognitive control
processes in older individuals that may be partially offset by
alterations in prefrontal functional connectivity.
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Introduction

There has been increasing interest in the use of functional

neuroimaging to characterize large-scale brain networks,

particularly one commonly known as the default mode

network (DMN). This network of regions increases its activity

when people are attending to internally driven cognitive

processes and reduces its activity when an external task-based

focus is required (Shulman et al. 1997; Gusnard et al. 2001;

Raichle et al. 2001). The DMN is generally thought to consist of

7 primary brain regions (Fox et al. 2005; Toro et al. 2008;

Spreng et al. 2009): 1) posterior cingulate and medial parietal

regions (including retrosplenial cortex and sometimes the

precuneus); 2) inferior parietal lobe (IPL), particularly the

angular gyrus; 3) medial prefrontal cortex (PFC), both ventral

and dorsal portions; 4) superior frontal gyrus; 5) anterior

portions of inferior temporal cortex; 6) medial temporal cortex

(parahippocampal gyrus); and 7) medial cerebellum. Involve-

ment of the lateral cortical and medial temporal areas in the

DMN is typically bilateral.

The exact role of the DMN is unknown, but it is thought to

mediate the monitoring of internal and external milieus and to

involve self-referential thought (Gusnard et al. 2001; Harrison

et al. 2008) and other types of social cognition (Schilbach et al.

2008). Buckner and Carroll (2007) have recently suggested that

the DMN mediates the ability to mentally project oneself

forward and backward in time and is involved in 4 types of

processing: retrieval of past events, planning of future events,

spatial navigation, and theory of mind. Support for this notion

was recently reported in a meta-analysis (Spreng et al. 2009),

which found that some DMN regions (posterior cingulate,

retrosplenial cortex, parahippocampal gyrus, and angular gyrus)

show activity during these 4 types of processing. In addition,

there was reported activity in medial PFC with all processes but

navigation. Therefore, the DMN may participate in multiple

types of processing. In addition, there is evidence that the DMN

exists in nonhuman primates (Rilling et al. 2007) and maintains

its functional connectivity during sleep and anesthesia (Boly

et al. 2008; Horovitz et al. 2008). This may indicate that DMN

functional connectivity is heavily influenced by structural

connections among these regions (Ghosh et al. 2008; Hagmann

et al. 2008; Greicius et al. 2009; Honey et al. 2009).

The DMN often is anticorrelated with a set of regions that is

engaged across a variety of tasks, which has come to be known

as the task-positive network (TPN, Fox et al. 2005) or

frontoparietal network (Toro et al. 2008). That is, as one

becomes involved in carrying out an externally driven task,

such as working memory, activity in task-related areas

increases and default mode activity decreases. The TPN

consists of regions thought to be involved in cognitive control

(e.g., D’Esposito et al. 1995; Dove et al. 2006; Alain et al. 2008),

such as inferior frontal gyrus, near the operculum, portions of

inferior parietal cortex anterior to DMN regions, dorsolateral

PFC, and sensorimotor areas (Fox et al. 2005; Toro et al. 2008).

Recently, it was shown that the degree of anticorrelation

between the DMN and TPN is related to performance on

cognitive tests (Kelly et al. 2008). This finding, together with

evidence that DMN activity is reduced to a greater degree as

task difficulty increases (McKiernan et al. 2003), suggests that

the balance between these 2 networks is critical for effective

cognitive processing.

Several studies have found that the reduction of DMN

activity during cognitive tasks is less pronounced in older

adults relative to younger adults (Lustig et al. 2003; Grady et al.

2006; Persson et al. 2007; Damoiseaux et al. 2008; Miller et al.

2008). Functional connectivity among DMN regions also is

reduced with age (Andrews-Hanna et al. 2007; Esposito et al.

2008; Sambataro et al. forthcoming). Although some studies

have found age-related differences across the DMN (Persson

et al. 2007; Damoiseaux et al. 2008), several have suggested that
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the effect of age on the regions comprising the default network

is variable. For example, Lustig et al. (2003) reported a large age

difference in the posterior cingulate, a smaller difference in

medial frontal cortex, and none at all in inferior parietal

regions. Grady et al. (2006) reported a similar age-related

reduction of DMN modulation in posterior cingulate and

medial parietal regions during a variety of memory tasks but

found no age difference in medial prefrontal regions. Evidence

that these age differences may have consequences for memory

performance was reported by Miller et al. (2008), who found

that failure to reduce activity in medial parietal cortex during

encoding was most prominent in older adults who performed

poorly on a subsequent memory test. Similarly, others have

found that the strength of the correlations within the DMN are

related to performance on tests of memory, executive function,

and processing speed in older adults (Andrews-Hanna et al.

2007; Persson et al. 2007; Damoiseaux et al. 2008; Sambataro

et al. forthcoming). These studies all suggest that activity and

functional connectivity of the DMN are disrupted in older

adults and that this may have negative consequences for

cognitive function.

Although the evidence seems clear that older adults show an

altered balance between default and task networks, the focus

to date has been on the DMN, with no reports of age

differences in the TPN. Some of the regions in the TPN have

increased task-related activity in older adults relative to

younger adults, such as dorsolateral PFC (for reviews, see

Cabeza 2002; Rajah and D’Esposito 2005; Grady 2008; Park and

Reuter-Lorenz 2009) and parietal regions (e.g., Nielson et al.

2002; Daselaar et al. 2006; Lee et al. 2006; Townsend et al. 2006;

Rajah and McIntosh 2008), but the network as a whole has not

been examined. In addition, common age differences in brain

activity across a variety of cognitive domains have been

demonstrated, as well as differences specific to domain (Cabeza

et al. 2004). It would be important to examine both of these

networks and determine age differences over a wide range of

tasks to demonstrate that these are present regardless of the

specific task demands. Therefore, the goal of the current study

was to explore age differences in DMN and TPN activity across

multiple types of cognitive processing in order to have a more

complete picture of how these networks are altered with age.

To examine whether age might impact differently on the

anterior and posterior nodes of the DMN, we examined

functional connectivity of this network using 2 prominent

regions that have been used as seeds in previous work

(Greicius et al. 2003; Hampson et al. 2006; Andrews-Hanna

et al. 2007), these being the posterior cingulate and ventro-

medial frontal cortex. We used seeds in the right inferior

parietal lobe (IPL) and dorsolateral PFC to assess TPN

connectivity. Finally, to explore the impact of an altered

balance between the DMN and TPN on behavior, we assessed

the ability of brain measures summarizing activity and

connectivity in these networks, as well as age, to predict

performance on our tasks. We expected to find smaller task-

related reductions of DMN activity in older adults, as we and

others have reported previously, and that this age difference

would be found relative to all tasks, that is, not specific to any

cognitive domain. We also expected that functional connec-

tivity of the DMN would be disrupted with aging. On the other

hand, as older adults often have more activity in some brain

areas during tasks relative to younger adults (noted above), we

considered it possible that this ‘‘overrecruitment’’ would

extend to the TPN more generally and that connectivity of

the TPN might be maintained or even enhanced in older adults.

Determining the relation between age differences in network

activity and task performance allowed us to assess these

differences in light of current theories of neural aging, such as

compensation or inefficient use of neural resources (e.g.,

Cabeza 2002; Rypma et al. 2007; Grady 2008).

Materials and Methods

Participants in the experiment were 19 young adults (mean age 25 ± 3

years, range 20--30, 10 women) and 28 older adults (mean age 66 ± 8

years, range 56--84, 14 women). Most of the participants were right

handed (3 in each group were left handed), and all were screened using

a detailed health questionnaire to exclude health problems and/or

medications that might affect cognitive function and brain activity,

including strokes and cardiovascular disease. The structural magnetic

resonance images (MRIs) also were inspected to rule out severe white

matter changes or other abnormalities. The young adults had

significantly more years of education than did the older adults

(young = 18.0 ± 2.1 years; older = 15.7 ± 3.1 years, P < 0.01; t46 = 2.8,

P < 0.01). There was no age difference in mean scores (mean scores for

both groups = 29) on a test of mental status (Mini Mental Status

Examination, Folstein et al. 1975). All participants gave informed

consent for their participation following the guidelines of the Research

Ethics Board at Baycrest and the University of Toronto.

Stimuli and Tasks
Visual stimuli were band-pass filtered white noise patches with

different center frequencies (Fig. 1, Protzner and McIntosh 2007).

Figure 1. Examples of the type of stimulus used in all tasks. Specific examples from
the perceptual matching task (a) and the delayed match-to-sample task (b) are
shown. See Materials and methods for a description of task presentation.
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There were 5 conditions during scanning: 1) fixation to a dot presented

in the middle of the screen (no response required); 2) detection of

a single stimulus; 3) perceptual matching; 4) attentional cueing; and 5)

a delayed match-to-sample test of working memory. In the detection

task, a single stimulus appeared for 1000 ms in 1 of 3 locations at the

bottom of the display (left, central, or right), and participants pressed

1 of 3 buttons to indicate the location where the stimulus appeared.

There were 12 trials in each detection block. In matching blocks,

a sample stimulus appeared centrally in the upper portion of the screen

along with 3-choice stimuli located in the lower part of the screen (for

4000 ms). The task was to indicate which of the 3-choice stimuli

matched the sample. Six such trials occurred in each matching block.

Each trial of the attention task began with a stimulus appearing for

1500 ms in the center of the upper part of the screen. Then an arrow

pointing either to the right or to the left appeared (in the lower part of

the screen) with the sample stimulus for 1500 ms. Then the arrow was

removed, and 500 ms later, 2 stimuli appeared in the right and left

locations for 3000 ms. The task was to attend only to the location that

had been cued by the arrow and press 1 of 2 buttons to indicate

whether or not the cued target stimulus matched the sample. There

were 4 trials in each attention block. In addition, the total number of

trials was divided equally among ‘‘same/different’’ (the stimulus in the

cued location matched the sample, whereas the stimulus in the uncued

location did not), ‘‘different/same’’ (the cued stimulus did not match

the sample, whereas the uncued stimulus did match), ‘‘different/

different,’’ and ‘‘same/same.’’ Finally, in the working memory task,

a sample stimulus was presented for 1500 ms in the center of the upper

portion of the screen followed by a delay of 2500 ms (blank screen).

Then, 3-choice stimuli were presented for 3000 ms in the lower

portion of the screen, and the participants had to press 1 of 3 buttons

to indicate which of the 3 stimuli matched the previously seen sample.

There were 4 trials in each working memory block. In all tasks, the

intertrial interval was 2000 ms.

Prior to scanning, participants were tested in a mock scanner to

determine accuracy thresholds for each participant per task, in an

attempt to match performance across groups and minimize the effect of

any age differences in visual function. These thresholds indicated the

difference in center frequency between stimuli necessary for accuracy to

be roughly 80% in each participant (thresholds for the detection task

were not measured, as this task did not require participants to

discriminate between stimuli but simply to detect one). The thresholds

necessary to reach 80% correct were influenced by age, F1,44 = 6.7, P <

0.02, with the older adults requiring larger differences between stimuli

to reach the performance criterion (older M = 2.1, younger M = 1.9).

During scanning, there were 2 blocks of each task (lasting ca., 40 s each

[Because the stimuli were generated by the computer during the

scanning runs, the exact duration of the task blocks varied somewhat

across the tasks. However, there were no duration differences across

participants or between the age groups.]) per scanning run presented in

a random order. Each run also contained eight 20-s blocks of fixation

interleaved with the task blocks. There were 4 runs in total for each

participant.

Functional Magnetic Resonance Imaging Data Acquisition and
Preprocessing
Images were acquired with a Siemens Trio 3-T magnet. We first

obtained a T1-weighted anatomical volume using SPGR (time echo

[TE] = 2.6 ms, time repetition [TR] = 2000 ms, field of view [FOV] = 256

mm, slice thickness = 1 mm) for coregistration with the functional

images and to ensure that there were no significant brain abnormalities

in any of the participants. T �
2 functional images to obtain blood oxygen

level--dependent (BOLD) activity (TE = 30 ms, TR = 2000 ms, flip angle =
70�, FOV = 200 mm) were obtained using echo planar imaging

acquisition. Each functional sequence consisted of 28 5-mm thick axial

slices, positioned to image the whole brain.

The initial step in the image analysis was to create a common template

to use in the registration of each participant’s scans into a common

space. We first divided the sample into 3 age groups, consisting of the

young adults and 2 subsets of older adults (14 in each subset, 56--64 and

65--84 years) to accommodate age differences across subjects. This

procedure was based on work showing that age differences in brain

structure accelerate after the age of 65 (e.g., Scahill et al. 2003). For each

of the 3 age groups, we created an unbiased nonlinear group average

anatomical image (Chen et al. 2005; Kovacevic et al. 2005; Levine et al.

2008). From the 3 group-specific average images, we then created

a common anatomical image, which we refer to as the Common

Template. The transforms obtained from the 2 stages were concatenated

to produce a single nonlinear transform from each single subject’s

structural MRI into the common template space.

Functional data were slice time corrected using AFNI (http://

afni.nimh.nih.gov/afni) and motion corrected using AIR (http://

bishopw.loni.ucla.edu/AIR5/). For each run, the mean functional

volume for each subject was registered using AIR with that subject’s

structural volume via a rigid body transformation model. After

appropriate transform concatenations—from the initial volume to the

100th volume within a run, from the mean run volume to the structural

volume, and from the subject’s structural volume into the common

template space—we obtained a direct nonlinear transform for each

functional magnetic resonance imaging (fMRI) volume into the

common template space.

Additional preprocessing steps consisted of spatial smoothing with

a full width half maximum = 7 mm Gaussian kernel and regressing out

white matter time series from each voxel time series. For the white

matter regression, we used the white matter map from the ICBM

probabilistic tissue atlas (http://www.loni.ucla.edu/ICBM/Downloads/

Downloads_ICBMprobabilistic.shtml) as a starting point for indentifying

areas most likely to be white matter. This white matter map was

transformed into the common template space and applied to the

Common Template, and a white matter mask was generated by creating

a binary mask of the transformed map based on a threshold level of 0.8

(>80% chance of containing white matter). This initial mask then was

eroded using a 3 3 3 square morphological structuring element. We

calculated the spatial average of voxels in the resulting conservative

white matter mask in each subject and used the resulting averaged

white matter time series as a regressor in a general linear model for

each voxel and subject separately. The residual in the model was

considered to be a noise-reduced time series for each voxel, and these

voxel values were entered into the image analysis described below.

Data Analysis
Behavioral data were analyzed using a mixed analysis of variance

(ANOVA) with group as a between-subjects factor and task as a within-

subjects factor. Where appropriate, post hoc t-tests with Bonferroni

correction for multiple comparisons were carried out.

For image analysis, we used a multivariate approach, partial least

squares, or PLS (McIntosh et al. 1996, 2004; McIntosh 1999), in order to

identify large-scale functionally connected patterns of activity across the

entire brain. PLS operates on the covariance between brain voxels and

the experimental design across subjects to identify a new set of variables

(so-called latent variables or LVs) that optimally relate the 2 sets of

measurements. PLS is similar to other multivariate techniques, such as

principal component analysis, in that contrasts across conditions or

groups typically are not specified in advance; rather, the algorithm

extracts LVs explaining the covariance between conditions and brain

activity in order of the amount of covariance explained (with the LV

accounting for the most covariance extracted first). Each LV contains

a spatial activity pattern depicting the brain regions that, as a whole,

show the strongest relation to (e.g., are covariant with) the task contrast

identified by the LV. Each brain voxel has a weight, known as a salience,

which is proportional to the covariance of activity with the task contrast

on each LV. The significance for each LV as a whole was determined by

using a permutation test (McIntosh et al. 1996). As 500 permutations

were used, the smallest P value obtainable for each LV was P < 0.002. In

addition to the permutation test, a second and independent step was to

determine the reliability of the saliences for the brain voxels

characterizing each pattern identified by the LVs. To do this, all saliences

were submitted to a bootstrap estimation of the standard errors (SEs,

Efron and Tibshirani 1986). Reliability for each voxel was determined

from the ratio of its salience value to the SE for that voxel, and clusters of

at least 10 contiguous voxels with a salience/SE ratio > 3.0 were

identified. A ratio of 3.0 approximates P < 0.005 (Sampson et al. 1989).

The local maximum for each cluster was defined as the voxel with
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a bootstrap ratio higher than any other voxel in a 2-cm cube centered on

that voxel. Locations of these maxima are reported as coordinates in

Montreal Neurological Institute space. In addition, the results of each

analysis were compared qualitatively (i.e., compared in general location)

with published coordinates of the DMN and TPN as summarized in

recent papers by Toro et al. (2008) and Spreng et al. (2009). Finally, to

obtain summary measures of each participant’s expression of each LV

pattern, we calculated ‘‘brain scores’’ by multiplying each voxel’s salience

by the BOLD signal in the voxel and summing over all brain voxels for

each participant. These brain scores were calculated for each condition

and then mean centered using the grand mean across all conditions.

Confidence intervals (95%) for the mean brain scores in each condition

and group were calculated from the bootstrap, and differences in activity

between conditions and age groups were determined via a lack of

overlap in these confidence intervals.

The fMRI analysis consisted of a number of steps to assess

modulations of activity across the conditions and network functional

connectivity. The first step consisted of a task PLS analysis that

contrasted the mean activity (averaged over all blocks across all runs) in

the 4 task conditions and fixation in both age groups together. The first

2 LVs from this analysis revealed a difference between fixation and the

tasks in both groups and will be reported here. Four regions from the

task analysis were chosen as seeds for a subsequent functional

connectivity analysis. Connectivity was assessed for the DMN during

the fixation condition (to approximate a resting condition) and for the

TPN during the 4 tasks. Two seeds were chosen for the DMN, 1 in the

posterior cingulate and 1 in ventromedial PFC (see Table 2 for locations

of these seeds). These 2 areas have been consistently identified as

nodes of their respective networks (e.g., Fox et al. 2005; Toro et al.

2008) and are the ones most commonly used for connectivity studies of

this network (e.g., Andrews-Hanna et al. 2007; Spreng and Grady

forthcoming). For the TPN, we chose a region in the IPL and one in

dorsolateral PFC as seeds (see Table 2). The parietal region was chosen

because the IPLs were the TPN regions that were expressed most

reliably in the task PLS (see Table 2), and the frontal region was used as

a seed because of the reports of more prefrontal activity in older adults

(e.g., Cabeza 2002; Rajah and D’Esposito 2005; Grady 2008; Park and

Reuter-Lorenz 2009). BOLD signal in these 4 areas was extracted and

entered into a series of ‘‘seed’’ analyses in which correlations of activity

in the seeds with all other voxels (i.e., functional connectivity) across

subjects were assessed in young and older adults simultaneously

(McIntosh et al. 1998). To provide a measure of how strongly seed

activity covaried with the pattern of activity seen on each LV,

correlations between brain scores and seed activity were computed

for each group. Reliability of these correlations (confidence intervals of

95%) was calculated from the bootstrap procedure.

Results

Behavioral Results

Performance measures for the tasks are shown in Table 1. Mean

accuracy during the scanning session was roughly equivalent to

the 80% target for the matching, attention, and working

memory tasks. There was a significant effect of task, F3,138 =
95.2, P < 0.001, driven largely by better accuracy on the

detection task. Post hoc contrasts showed that accuracy on the

detection task exceeded that of all the other tasks (P < 0.001,

corrected), as one would expect, and accuracy on working

memory was greater than accuracy on either matching or

attention tasks (P < 0.01, corrected). In addition, accuracy of

performance was similar across groups. Nevertheless, the effect

of age was significant, F1,46 = 7.8, P < 0.01, as was the task 3 age

interaction, F3,138 = 3.2, P < 0.05. Post hoc t-tests examining the

effect of age on accuracy for each task showed a significant

group difference only for the working memory task (P < 0.05,

corrected).

For response times, there were main effects of task, F3,138 =
380.5, P < 0.001, and group, F1,46 = 59.3, P < 0.001, as well as

a significant task 3 group interaction, F3,138 = 9.4, P < 0.001. All

pairwise contrasts among the tasks were significant (P < 0.001,

corrected), except for attention and working memory tasks,

which did not differ (The longer response time for the

matching task is probably due to the fact that 4 stimuli had

to be compared and this process took longer than the attention

or working memory tasks, which involved evaluating fewer

stimuli.). Simple main effects of group for each task separately

showed a reliable age difference for each task (P < 0.001).

Therefore, to examine the task 3 age interaction, we carried

out a linear within-subject contrast of this interaction, entering

the response times in ascending order of fastest to slowest

overall. This contrast was significant, F1,45 = 19.3, P < 0.001,

indicating that the age difference in speed of responding was

smallest for the detection task and increased as responses in

general became slower. Finally, to determine if there were

speed--accuracy trade-offs in either group, we calculated

correlations between accuracy and reaction time. None of

these correlations was significant for any task in either group.

Thus, these behavioral data show that older adults were slower

on the tasks and somewhat less accurate on working memory.

We also examined response time variability using the

intrasubject standard deviation of the response times. This

latter measure was included because of the known relation

between behavioral variability and cognitive function in older

adults (Hultsch et al. 2000; West et al. 2002; MacDonald et al.

2003); as well, several papers have recently shown relations

between brain activity and variability of behavioral response

during scanning (Kelly et al. 2008; MacDonald et al. 2008).

There was a significant effect of group on response variability,

F1,43 = 29.6, P < 0.001, and a marginal effect of task, F3,129 = 4.1,

P = 0.05. Although the older adults had larger variability in

response times, this increase was the same across the tasks

(condition 3 age interaction, F < 1).

Modulations of Brain Activity

The analysis examining activity changes across conditions and

groups revealed 2 significant patterns of activity distinguishing

fixation from the 4 task conditions. The first (accounting for

24% of the covariance, P < 0.002) identified regions charac-

teristic of the DMN in both groups (blue regions in Fig. 2a),

Table 1
Performance measures

Task Young Older

a. Percent correct
Reaction time 97.9 (3.0) 97.6 (3.2)
Perceptual matching 83.5 (3.7) 82.2 (4.2)
Attentional cueing 84.5 (5.7) 78.9 (9.9)
Delayed match to sample 88.6 (6.1) 83.4 (5.9)

b. Response time (ms)
Reaction time 506 (85) 678 (123)
Perceptual matching 1538 (386) 2091 (233)
Attentional cueing 1191 (262) 1548 (175)
Delayed match to sample 1150 (229) 1517 (229)

c. Response time variability (ISD)
Reaction time 0.57 (0.05) 0.87 (0.06)
Perceptual matching 0.75 (0.04) 0.92 (0.03)
Attentional cueing 0.71 (0.05) 0.94 (0.03)
Delayed match to sample 0.73 (0.05) 0.94 (0.03)

Note: Standard deviations are in parentheses. ISD, intrasubject standard deviation.
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with more activity during fixation in medial regions of frontal

and parietal cortices, medial temporal cortex, lateral parietal

cortex (angular gyri), and temporal poles. This pattern of

activity included all the areas typically thought to be part of the

DMN (Table 2), with the exception of the right superior frontal

gyrus. It also included the caudate nucleus, a region not

typically thought to be part of the DMN. A different set of

regions showed more activity during the tasks (red regions in

Fig. 2a), including superior and inferior parietal regions

(anterior to the angular gyri) bilaterally, bilateral inferior frontal

gyri, right dorsolateral PFC, premotor regions, and both dorsal

and ventral occipital regions (Table 2). These regions all are

consistent with the TPN and include all TPN regions except the

left dorsolateral PFC and the left ventral portion of the

intraparietal sulcus. The brain scores from this LV differed

between fixation and all the task conditions in both groups but

were of similar magnitude in the 2 age groups (Fig. 2a).

The second significant pattern of activity (accounting for

12.6% of the covariance, P < 0.002) showed an age difference

in brain activity across the conditions (Fig. 2b). A set of regions

was identified that showed a reliable difference between

fixation and all task conditions, but this difference was not

the same in the 2 groups. The brain scores characterizing

activity on this LV (Fig. 2b) clearly showed that the contrast of

fixation to the task conditions was in the opposite direction for

young and older adults. In addition, the within-condition scores

differed between the 2 groups during fixation, the attention

task, and the working memory task. The majority of regions

identified by this LV (shown in red in Fig. 2b and listed with

positive bootstrap ratios in Table 3) showed greater task-

related reductions in younger adults and/or greater task-related

increases in older adults (see task minus fixation differences in

Table 3). These areas included a number of TPN regions in the

inferior frontal gyri, IPL, and occipital areas where older adults

showed larger task-related increases of activity than did the

younger adults. There also were a number of areas with larger

task-related decreases in young adults, including 2 DMN

regions (parahippocampal gyrus and precuneus) and a number

of ventral occipital areas. More activity during fixation, relative

to the tasks, was seen in the right amygdala, left

Figure 2. Results of the task PLS analysis contrasting modulations of activity across all conditions in younger and older adults, shown on axial images from the average MRI for
all participants (Z 5 �24 to Z5 40; this format also is used for Figs 4 and 5). The pattern identified by LV1 (panel a) shows areas with greater activity during all 4 tasks (shown
in red and associated with positive brain scores) contrasting with those showing more activity during fixation (blue areas, associated with negative brain scores) in both age
groups. The graph in (a) shows the mean-centered mean brain scores for both groups on this LV (error bars represent the 95% confidence interval). The pattern identified by LV2
(panel b) shows areas with an age difference in activity. Areas shown in red had task-related increases in older adults (relative to fixation) and/or task-related reductions in
younger adults. Areas shown in blue had more activity during fixation in older adults and the opposite pattern in young adults (see Table 3 for increased/decreased activity for all
regions). The graph in (b) shows the mean-centered mean brain scores for both groups on LV2 (error bars represent the 95% confidence intervals). A bootstrap ratio threshold of
4.0 was used to show the pattern of activity on LV1 and a threshold of 3 was used for LV2. Fix, fixation; DET, detection task; PMT, perceptual matching task; ATT, attentional
cueing task; DMS, delayed match-to-sample working memory task.
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temporoparietal cortex, and left motor cortex in the older

adults (shown in blue in Fig. 2b and listed with negative

bootstrap ratios in Table 3). These regions with age differences

overlap to some extent with the DMN and TPN regions seen in

Figure 2a and appear to be a subset of those regions identified

by the first LV. Regions not overlapping with the areas

identified by LV1 are the left dorsolateral prefrontal region,

where older adults had a larger task-related increase, the

thalamus, where younger adults had decreased activity during

the tasks, and the left posterior temporal region where task-

related activity was increased in young and decreased in older

adults (see Supplementary Figure and Table 3).

Examples of activity in specific regions from these 2 patterns

are shown in Figure 3 for fixation and activity averaged over the

4 task conditions. Ventromedial PFC (Fig. 3a) and posterior

cingulate (Fig. 3b), identified by LV1, both had more activity for

fixation than task, as would be expected of DMN regions. Also,

the fixation versus task difference for these regions was similar

in younger and older adults. Signal in the right IPL (Fig. 3c) and

right dorsolateral prefrontal area (Fig. 3d) was increased during

tasks, consistent with the TPN, and also was similar across age

groups. Thus, none of the regions used as seeds in the

functional connectivity analyses showed an age difference in

activity. In contrast, left middle frontal cortex (Fig. 3e) and

right parahippocampal gyrus (Fig. 3f) were identified by LV2

and showed different patterns of activity in young and older

adults. The left prefrontal area (a TPN region) showed more

task-related activity, relative to fixation, in older adults but not

in younger adults. The parahippocampal gyrus (a DMN region)

had more activity in fixation relative to the tasks only in the

young adults. Considering these 2 patterns of activity together,

LV1 can be described as a set of regions showing the typical

patterns of the DMN and TPN that are similar in younger and

older adults, whereas LV2 identifies a subset of TPN regions

with more task-related activity in older adults and a subset of

DMN regions with larger task-related decreases in younger

adults (The same task PLS analysis was carried out on a subset

of the data, equating young and old groups for education and

including only right-handed participants. This analysis showed

the same pattern of task effects as seen in Fig. 2a,b.).

To illustrate these age differences in activity of the DMN and

TPN, we carried out 2 additional PLS analyses to contrast

fixation to all 4 task conditions in each group separately. The

results of these 2 analyses were superimposed onto a structural

brain image in order to show the areas of overlap and those

areas involved in only one group or the other. In Figure 4, it can

be seen that the DMN, that is, those areas with more activity

during fixation (cool colors in Fig. 4), was more extensive in

younger adults in posterior regions. There also were some

areas where the DMN was more extensive in older adults, for

example, in ventromedial PFC. More striking was the greater

extent of TPN activity, that is, those areas with more activity

during the tasks (warm colors in Fig. 4), in older adults,

particularly in lateral and medial frontal cortices.

Functional Connectivity of the DMN

To assess functional connectivity of the DMN, we chose 2

regions as seeds, both of which have been used in previous

studies for this purpose (e.g., Fox et al. 2005; Andrews-Hanna

et al. 2007). One seed was located in the posterior cingulate

and the other in ventromedial PFC (see Table 2 for coordinates

Table 2
Brain areas with modulations of activity across conditions in both groups

Region BA X Y Z BSR

More activity for fixation (DMN)
L middle/superior frontal gyrusa 8 �28 36 44 �5.1
L ventromedial prefrontala 32 �4 36 �4 �9.1
L middle/inferior temporal gyrusa 21 �58 �4 �20 �10.6
R middle temporal gyrusa 21 50 �12 �24 �11.4
L hippocampusa �28 �24 �16 �7.3
R lingual/parahippocampal gyrusa 18 16 �56 �8 �9.2
L posterior cingulatea 31 �12 �48 36 �11.8
R retrospleniala 30 12 �64 8 �10.6
L IPL (angular gyrus)a 39 �44 �80 32 �8.8
R IPL (angular gyrus)a 39 44 �72 24 �4.8
Cerebelluma 0 �56 �48 �9.6
Caudate nucleus 4 10 4 �7.9
More activity for tasks (TPN)
R middle frontal gyrusb 9 40 36 20 9.2
L insula/frontal operculumb 45 �40 16 0 10.3
R insula/frontal operculumb 45 36 16 �8 9.9
L precentral gyrus (FEF)b 6 �32 �8 56 11.2
R middle frontal gyrus (FEF)b 6 28 �4 48 11.2
L precentral gyrusb 6 �56 8 28 5.9
R precentral/inferior frontal gyrus 44 48 4 24 9.6
R supplementary motor areab 6 4 �4 56 5.5
L IPLb 40 �48 �40 48 18.6
R IPLb 40 44 �44 44 17.7
L superior parietal lobe (IPS)b 7 �28 �60 56 9.9
R superior parietal lobe (IPS)b 7 28 �60 48 10.9
L inferior occipital gyrusb 37 �48 �72 �4 7.9
R middle occipital gyrusb 7/19 28 �72 28 7.1
R fusiform gyrusb 37 44 �64 �12 10.6

Note: The DMN maxima are from the regions shown in blue in Figure 2a, and the TPN maxima are

from the regions shown in red in Figure 2a (LV1). Italicized regions are those used as seeds in the

functional connectivity analyses. BA, Brodmann area; BSR, bootstrap ratio from the PLS analysis

indicating the reliability of the reported voxel; R, right hemisphere; L, left hemisphere; FEF, frontal

eye field; IPL, inferior parietal lobe; IPS, intraparietal sulcus.
aRegion is located close to a region in the DMN, according to Toro et al. (2008) or Spreng et al.

(2009).
bRegion is located close to a region in the TPN, according to Toro et al. (2008).

Table 3
Brain areas with age differences

Region BA X Y Z BSR D Yng D Old

L insula/frontal operculuma 47 �40 16 0 5.5 0.11 0.28
R insula/frontal operculuma 47 32 16 �4 4.1 0.14 0.28
L middle frontal gyrusa 46 �48 48 20 5.2 �0.20 0.26
L precentral gyrusa 6 �40 4 28 4.1 �0.15 0.02
L IPLa 40 �40 �40 40 4.3 0.20 0.46
R superior occipital gyrusa 39 32 �72 36 4.4 0.02 0.19
R middle occipital gyrusa 19 36 �80 16 8.9 �0.07 0.19
R parahippocampal gyrusb 18 20 �48 �16 5.2 �0.09 0.09
Precuneusb 7 0 �72 52 4.8 �0.28 0.22
R superior frontal gyrus 10 28 52 4 4.8 �0.02 0.19
R superior frontal gyrus 6 16 0 64 6.0 �0.03 0.23
Middle cingulate gyrus 24 0 8 32 5.7 �0.14 0.09
R lingual gyrus 18 4 �80 0 7.2 �0.58 �0.14
L lingual gyrus 18 �20 �76 �8 5.6 �0.35 �0.10
L fusiform gyrus 37 �44 �56 �16 5.2 �0.17 0.03
R fusiform gyrus 37 36 �52 �20 4.6 �0.05 0.15
R thalamus 4 �4 0 5.9 �0.13 0.04
L cerebellum �8 �84 �28 7.3 �0.28 0.22
L middle temporal gyrusb 21 �56 0 �28 �4.2 0.00 �0.32
L middle temporal gyrus 39 �56 �64 28 �4.3 0.13 �0.26
L precentral gyrus 4 �32 �28 52 �4.9 0.04 �0.01
R amgydala 24 �12 �24 �4.9 �0.04 �0.36

Note: Regions with positive bootstrap ratios are shown in red in Figure 2b, and regions with

negative ratios are shown in blue in Figure 2b (LV2). D Yng, task-related activity (averaged over

the 4 tasks) minus activity during fixation in young adults; D Old, task-related activity (averaged

over the 4 tasks) minus activity during fixation in older adults. For other abbreviations, see

Table 2.
aRegion is located close to a region in the TPN, according to Toro et al. (2008).
bRegion is located close to a region in the DMN, according to Toro et al. (2008) or Spreng et al.

(2009).
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of these regions). Each of these analyses assessed connectivity

during fixation in both groups so that group differences could

be determined directly.

The connectivity analysis using the posterior cingulate seed

revealed one LV that was marginally significant (P = 0.06,

accounting for 62.5% of the cross-block covariance, see Fig. 5a).

Activity in the set of regions identified by this LV was reliably

correlated with activity in the posterior cingulate in both

younger (r = 0.91) and older adults (r = 0.73). Although the

correlation appeared to be weaker in the older adults, the

confidence intervals overlapped (see Fig. 5a), indicating that

these correlations did not differ significantly from each other.

Regions positively correlated with the posterior cingulate

included ventromedial PFC, retrosplenial cortex, inferior and

middle temporal gyri, and superior frontal sulci, all considered to

be nodes of the DMN (red areas in Fig. 5a, see Supplementary

Table 1). Other areas positively correlated with the posterior

cingulate, but not typically considered part of the DMN,

included the posterior insula, middle occipital gyrus, left inferior

frontal gyrus, and the right superior temporal gyrus. Negative

correlations with the posterior cingulate were seen in TPN

regions, namely, inferior and superior parietal regions bilaterally,

and supplementary motor area (blue regions in Fig. 5a, see

Supplementary Table 1). Thus, this pattern is similar to

previously reported anticorrelations between the DMN and the

TPN (e.g., Fox et al. 2005; Harrison et al. 2008), although does

not include all the regions thought to comprise these networks.

A similar pattern of correlations emerged with the ventro-

medial frontal seed (Fig. 5b). A single significant LV was found

(P < 0.002, accounting for 72.4% of the cross-block co-

variance). This pattern of connectivity was reliable in both

younger (r = 0.94) and older adults (r = 0.64), but the

correlation was weaker in the older adults (indicated by

nonoverlapping confidence intervals in Fig. 5b). Regions

positively correlated with the ventromedial PFC included other

DMN regions, such as posterior cingulate and retrosplenial

cortex, bilateral angular gyri, temporal poles, and right

superior frontal gyrus (red regions in Fig. 5b, see Supplementary

Figure 3. BOLD signal changes in 6 regions, as examples from LV1 and LV2 (values are mean centered, see Table 2 for coordinates). (a) Ventromedial PFC (DMN region, LV1);
(b) posterior cingulate (DMN region, LV1); (c) right IPL (TPN region, LV1); (d) right middle frontal gyrus (TPN region, LV1); (e) left middle frontal gyrus (TPN region, LV2); (f) right
parahippocampal gyrus (DMN region, LV2). Error bars represent the standard error of the mean.
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Table 2). Additional positive connectivity with ventromedial

PFC was seen in the cuneus, middle temporal gyrus, posterior

insula, and sensorimotor regions. Negative correlations with

this region were seen in TPN regions, such as multiple inferior

parietal regions bilaterally, inferior frontal gyri, supplementary

motor area, and the left frontal eye field (blue regions in Fig. 5b,

see Supplementary Table 2). Right precentral cortex also was

negatively correlated with the ventromedial frontal region. As

with the posterior cingulate seed, this pattern of connectivity is

similar to the anticorrelated pattern reported previously for the

DMN and TPN.

Functional Connectivity of the TPN

To assess connectivity of the TPN, we used right inferior

parietal and dorsolateral prefrontal regions (see Table 2 for

coordinates) that have been previously identified as nodes of

this network (Toro et al. 2008) and determined functional

connectivity during all the tasks. Using the parietal seed, the

first LV (P < 0.002, accounting for 36% of the cross-block

covariance) showed positive connectivity between the seed

and other TPN regions, including left parietal cortex, right

dorsolateral PFC, frontal eye fields, and superior parietal cortex

(red regions in Fig. 6a, see Supplementary Table 3). Other areas

with positive connectivity, but not typically considered to be

part of the TPN, included the fusiform gyri and portions of

anterior frontal cortex. No brain areas with reliable negative

correlations were seen. The set of regions identified by this LV

was reliably correlated with the parietal seed in both younger

and older adults across all tasks, with no difference in these

correlation values (see Fig. 6a).

This analysis also revealed a second significant LV (P = 0.014,

accounting for 16% of the cross-block covariance). This LV

showed a pattern of opposite correlations in young and older

adults in all tasks except the detection task (Fig. 6b). In

younger adults, the right parietal region was positively

correlated with 3 regions typically included in the DMN, that

is, the left inferior temporal gyrus, retrosplenial cortex, and

right parahippocampal gyrus (red regions in Fig. 6b, Supple-

mentary Table 3). In older adults, there was positive connec-

tivity between the right parietal seed and bilateral inferior

frontal, bilateral superior frontal, and right middle frontal

regions (blue regions in Fig. 6b, Supplementary Table 3).

For the right dorsolateral prefrontal seed, the first LV (P <

0.002, accounting for 32% of the cross-block covariance)

showed positive functional connectivity between the seed and

other TPN regions, including inferior frontal gyri, frontal eye

fields, and superior parietal cortex (red regions in Fig. 7a, see

Supplementary Table 4). Positive correlations were also found

in thalamus, putamen, cerebellum, and precentral gyri. Nega-

tive correlations were seen in some DMN regions, including the

hippocampus, posterior cingulate, and medial frontal cortex.

The set of regions identified by this LV was reliably correlated

with the frontal seed in both younger and older adults across all

tasks (with the exception of the matching task in young

adults), with no age difference in these correlation values (see

Fig. 7a).

Figure 4. The DMN and TPN for the 2 groups are shown on axial and sagittal images from the average MRI. For this image, the fixation condition was contrasted to all 4 tasks in
each group separately, and a bootstrap ratio threshold of 4.0 was used. The cool colors indicate those areas with more activity for fixation (DMN regions), and the warm colors
indicate areas with more activity during the tasks (TPN regions).
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A second reliable pattern of connectivity (P < 0.002,

accounting for 19% of the covariance) identified areas where

the right prefrontal seed was correlated differently in older

adults relative to young adults in all 4 tasks (Fig. 7b). Younger

adults showed positive correlations between the right dorso-

lateral prefrontal seed and occipital regions, including 2 TPN

regions (blue regions in Fig. 7b, see Supplementary Table 4). In

contrast, older adults showed positive correlations between

the right dorsolateral prefrontal seed and left middle frontal

gyrus, precentral gyrus, and supramarginal gyrus, all TPN areas

(red regions in Fig. 7b, see Supplementary Table 4). Other left

hemisphere areas also showed positive connectivity with right

PFC in older adults, including the medial frontal gyrus and

precentral gyrus.

Predicting Behavior from Brain Activity and Connectivity

Previous work has shown that modulations of activity and/or

functional connectivity in the DMN are related to behavioral

measures in both young and older adults (Andrews-Hanna et al.

2007; Kelly et al. 2008; Miller et al. 2008). To address this issue

with our data, we used backward stepwise regression analyses

to predict individual behavioral measures using the brain scores

from the task and seed PLS analyses. The rationale for this

approach was that the brain scores, as summary measures of

activity across the entire brain, should reflect the degree to

which each subject expressed the relative balance between the

DMN and TPN seen in the task analysis or the degree of

connectivity in the DMN and TPN. For example, those older

adults with more positive brain scores from LV2 in the task

analysis (Fig. 2b) would be those who are overexpressing the

TPN and underexpressing the DMN. Similarly, those partic-

ipants with more positive brain scores from the seed analyses

would be those individuals who have the strongest connectiv-

ity. We further reasoned that these brain indices, especially

those that showed age differences, would be related to

performance on the tasks. The behavioral measures that were

modeled were accuracy, response times, and response variabil-

ity measures from each of the 4 tasks. Separate regressions

were carried out for each behavioral measure in each task

using as predictors: 1) the task-specific brain scores from LV2

in the task analysis; 2) the brain scores from the ventromedial

prefrontal seed analysis; 3) the task-specific brain scores from

LV2 in the parietal seed analysis; 4) the task-specific brain

scores from LV2 in the frontal seed analysis; and 5) age.

The results of these regression analyses are shown in Table 4.

Age was not a significant predictor of accuracy after accounting

for the other variables, except for working memory, similar to

the ANOVA results reported above. Brain scores on LV2 from

Figure 5. Functional connectivity of the DMN in younger and older adults during fixation using a seed in the posterior cingulate (PCC, panel a) and one in ventromedial PFC
(VMPFC, panel b). In the top part of each panel is shown the regions where activity was either positively (red regions) or negatively (blue regions) correlated with the seeds. In the
bottom part of each panel is shown the correlation between seed activity and the brain scores from the seed PLS. For both seeds, there is positive connectivity between the seed
and other DMN regions, and negative correlations with the seeds are seen in TPN regions. A bootstrap ratio threshold of 3.0 was used for both brain images. The error bars on the
correlations represent the 95% confidence intervals (determined via the bootstrap).
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the task analysis predicted accuracy on the detection and

attention tasks. In both cases, the beta value was negative,

indicating that increases in the brain scores from the task

analysis were associated with worse accuracy. That is, with

increasing activity in the TPN, or those TPN regions that were

more active in older adults, performance was less accurate. In

terms of functional connectivity, increased expression of the

parietal connectivity pattern seen in younger adults was

associated with better accuracy on the attention task. In

addition, there was a trend for worse accuracy on the working

memory task with increasing expression of the pattern of DMN

connectivity found using the ventromedial prefrontal area as

the seed region. Although the model for the matching task fell

short of significance (P = 0.06), better accuracy on this task was

associated with greater expression of the parietal connectivity

pattern seen in younger adults and the frontal connectivity

pattern seen in older adults.

Slower response times were strongly predicted by increasing

age, as expected. The most interesting set of predictions was

seen for the matching task, in which slower responding was

associated with increased TPN activity (i.e., increasing activity

in those TPN regions that were more active in older adults) and

faster responding with increased expression of the frontal

connectivity pattern seen only in older adults (Table 4).

Increased expression of this age-specific connectivity pattern

also was associated with faster responding on the working

memory task.

Finally, variability of response times was predicted by age

across all tasks such that increasing age was associated with

increased variability (Table 4), consistent with the age differ-

ences noted above. In addition, variability increased as the brain

scores on LV2 from the task analysis increased during the

detection task (with a trend for the matching task). That is,

with increasing activity in those TPN regions that were more

active in older adults, performance was more variable. After

accounting for the influence of other variables, increasing

variability of response during the working memory task was

predicted by increasing DMN connectivity.

Discussion

In this study, we compared the default and task networks over

multiple cognitive domains using a multivariate approach that

allowed us to assess mean activity changes and functional

connectivity. There were 3 main findings. First, our participants

showed the expected modulations of activity in the DMN and

Figure 6. Functional connectivity of the TPN in younger and older adults across all 4 tasks using a seed in the right IPL. (a) The regions where activity was positively correlated
with the seed in both age groups are shown in the top (there were no reliable negative correlations). In the bottom part of panel (a) is shown the correlation between seed
activity and the brain scores from LV1 across the 4 tasks. (b) The top part of the panel shows regions where activity was positively correlated with the seed in young adults (red
areas) and a different set of regions that was positively correlated with the seed in older adults (blue regions). In the bottom part of panel (b) is shown the correlation between
seed activity and the brain scores from LV2 across the 4 tasks. A bootstrap ratio threshold of 3.0 was used for both brain images. The error bars represent the 95% confidence
intervals (determined via the bootstrap).
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TPN, that is, reduced activity in the DMN and increased activity

in the TPN across all cognitive domains, relative to fixation.

However, a subset of DMN regions showed greater task-related

decreases in young adults, and a subset of TPN regions showed

greater task-related increases in older adults, the net effect of

which was an age-related shrinkage of the extent of the DMN

along with an increase in the extent of the TPN. Because these

age differences in activity between fixation and task occurred

across all the cognitive domains tested in this study, they are

likely to be independent of the task demands. Second,

functional connectivity of the DMN was reduced in the older

adults when a ventromedial PFC seed was used. Although

connectivity using a posterior cingulate seed did not show any

reliable age differences, the older adults showed a tendency for

weaker connectivity with this seed as well, and connectivity

overall with the posterior cingulate was relatively weak.

Therefore, our results do not provide strong evidence for

a differential impact of age on either the anterior or the

posterior nodes of the DMN. In contrast to the DMN, the

primary pattern of functional connectivity in the TPN, using

either the IPL or the dorsolateral PFC as the seed, was

maintained in older adults. In addition, patterns of functional

connectivity that distinguished the age groups were found,

Figure 7. Functional connectivity of the TPN in younger and older adults across all 4 tasks using a seed in the right dorsolateral PFC (DLPFC). (a) The regions where activity was
positively (red) and negatively (blue) correlated with the seed in both age groups are shown in the top. In the bottom part of panel (a) is shown the correlation between seed
activity and the brain scores from LV1 across the 4 tasks. (b) The top part of the panel shows regions where activity was positively correlated with the seed in young adults (blue
areas) and a different set of regions that was positively correlated with the seed in older adults (red regions). In the bottom part of panel (b) is shown the correlation between
seed activity and the brain scores from LV2 across the 4 tasks. A bootstrap ratio threshold of 3.0 was used for both brain images. The error bars represent the 95% confidence
intervals (determined via the bootstrap).

Table 4
Results of the regression analyses using brain activity to predict behavior

Predictors

Tasks Task2 VMPfc Par2 Pfc2 Age F

Accuracy
Detection �0.38** 7.7**
Perceptual matching 0.38* 0.41* 2.9y

Attention �0.49** 0.30* 9.0**
Working memory �0.24y �0.43** 7.6**
Response time
Detection �0.18y 0.70** 23.2**
Perceptual matching 0.32* �0.32** 0.57** 20.7**
Attention 0.67** 36.2**
Working memory �0.27* 0.64** 18.1**
Response time variability
Detection 0.38* 0.33* 13.8**
Perceptual matching 0.30y 0.32* 8.5**
Attention 0.57** 20.4**
Working memory 0.29* 0.47** 12.0**

Note: Values are the betas from the regression analyses and the F value for the final model.

Task2, brain scores from LV2 of the task PLS; VMPfc, brain scores from DMN functional

connectivity analysis using the ventromedial PFC seed; Par2, brain scores from LV2 of the TPN

functional connectivity analysis using the IPL seed; Pfc2, brain scores from LV2 of the TPN

functional connectivity analysis using the dorsolateral PFC seed.
y0.05\ P\ 0.10; *P\ 0.05; **P\ 0.01.
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indicating a degree of age specificity in how these 2 TPN

regions are functionally connected with other parts of the

brain. For both TPN seeds, the predominant regions showing

connectivity only in the older adults were in PFC. The third

important finding from this study is that indices of the balance

between the DMN and TPN predicted behavioral performance.

Poorer performance was predicted by increased engagement of

TPN regions that were overrecruited by older adults; in

contrast, better performance was predicted by increased

expression of the dorsolateral prefrontal connectivity pattern

seen in the older group. Thus, our data revealed age differences

in the DMN that were consistent with previously published

reports, as well as some new information about the effects of

age on the TPN.

In both age groups, we were able to identify common

modulations of activity across conditions in the 2 networks. In

many of these regions, there were no age differences in the

extent to which activity was modulated across the conditions,

including the 4 regions used as seeds for the connectivity

analyses. It is notable that we were able to identify most of the

major regions thought to comprise the DMN and TPN, despite

some differences across studies in the regions that are included

in these networks (e.g., Harrison et al. 2008; Toro et al. 2008) as

well as differences in how they are defined (e.g., by contrasting

task activity to fixation or during the resting state). This is

further evidence of the robustness of these networks in humans

regardless of the precise methods used to identify them.

Importantly, however, there were age differences in some of

these network regions. For example, younger adults had greater

task-related decreases in medial occipital and parietal regions,

extending into the medial temporal lobes, whereas older adults

had greater task-related increases mainly in frontal and lateral

parietal areas. Although we have interpreted the medial

posterior regions showing greater task-related reductions of

activity in young adults as DMN areas, it is possible that some

of these areas, particularly those in visual cortex, are part of

a separate network. That is, some have suggested that visual

regions of the brain form a ‘‘resting-state’’ network that is distinct

from the DMN (Mantini et al. 2007). It also is possible that

activity in visual areas was reduced for a different reason. Activity

in primary visual cortex is reduced when people view coherent

shapes relative to noise (Murray et al. 2002), so it may be that

our visual tasks were accompanied by such a decrease, relative

to fixation, and that older adults show this decrease to a lesser

extent. Some of the age differences in visual cortex also could

have been influenced by age differences in visual function, such

as contrast sensitivity (e.g., Sekuler and Owsley 1982), although

the adjustment of stimuli for each individual participant prior to

scanning should have minimized these differences.

So, with these caveats in mind as to the precise composition

of the brain networks under consideration, we conclude from

the current data that there is an apparent shrinkage of the

extent of the DMN, along with an expansion of the TPN. This

has not been reported previously, to our knowledge, but is

consistent with age-related reductions in DMN modulation

during tasks (Lustig et al. 2003; Grady et al. 2006) as well as

with increased activity in frontal regions frequently reported in

the aging literature (e.g., Cabeza 2002; Rajah and D’Esposito

2005; Grady 2008; Park and Reuter-Lorenz 2009). Indeed, the

areas primarily more active in older adults during the tasks

were frontal regions (e.g., the inferior frontal regions and

dorsolateral PFC) involved in the TPN. In particular, left

dorsolateral PFC was overrecruited in older adults, which is

interesting in light of a recent suggestion that this region may

act in a compensatory fashion in aging (Rajah and D’Esposito

2005). The overrecruitment of dorsal frontal and parietal areas

in older adults during our tasks suggests a greater engagement

of top-down attentional processes (Corbetta et al. 2008), and

additional activity in inferior frontal areas may reflect increased

dependence on cognitive control (Seeley et al. 2007), relative

to the young adults. Importantly, our results synthesize the

previously unconnected findings of reduced DMN activity and

task-related overrecruitment in older adults and further

indicate that overrecruitment of brain activity in older adults

can extend to a large-scale network active across multiple

cognitive domains. It also is interesting to note that our finding

of increased engagement of the TPN in older adults was found

across all our tasks, relative to fixation, even in the easy

detection task that older adults could perform as accurately as

younger adults. Our results therefore do not appear to be

dependent on the presence or absence of age differences in

task performance, although the age differences in task accuracy

that did exist were relatively small, due to our determination of

thresholds for each participant. It is unknown if such over-

engagement of the TPN would be seen during tasks where

accuracy in older adults was markedly lower than that of

younger adults. There also are no data in the literature, to our

knowledge, on how activity in the TPN is modulated with task

difficulty, even in young adults.

We also assessed functional connectivity of these networks

and found that both younger and older adults showed

connectivity between the DMN seeds and other regions in

this network. However, older adults showed reduced connec-

tivity in the DMN as we had expected, although this difference

was reliable only for the ventromedial frontal seed. This may

have been due to weaker connectivity using the cingulate seed

in general, as the correlation between activity in this area and

its functionally connected regions was numerically smaller in

the older adults. In addition to DMN regions, we also found that

areas outside the typically defined DMN were correlated with

the DMN seeds in both groups. These included the posterior

insula, lingual gyrus, and lateral temporal cortex. It may be that

other regions are recruited into the DMN depending on how it

is defined. That is, the regions that are functionally connected

to the ‘‘core’’ regions of the default network may depend to

some extent on whether the network is identified during

a resting-state scan or during a fixation condition that

alternates with task conditions, as we did here. In addition,

seed PLS assesses correlations in pairs of voxels across subjects

(McIntosh 1999), which differs from other methods of

assessing DMN connectivity, such as independent components

analysis (e.g., Harrison et al. 2008) or correlations between time

courses (e.g., Fox et al. 2005). This methodological difference

also could account for some of the variability in regional

recruitment into the DMN.

Unlike the DMN, functional connectivity of the TPN was

maintained into older age, using both prefrontal and parietal

regions as seeds. In addition, both of these regions showed

patterns of functional connectivity specific to each age group,

with older adults recruiting additional frontal regions into the

networks. Thus, the primary pattern of TPN connectivity

appears not to change with age, and this network shows some

age-related plasticity as well. The continued engagement of

TPN connectivity in the face of reduced DMN connectivity in
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older adults may indicate that the DMN is more vulnerable to

the effects of age. It is possible that the expansion of the TPN or

the engagement of the age-specific patterns of TPN connectivity

thatwe observed are a response to the shrinkage and/or reduced

connectivity of theDMN, although our data do not speak directly

to this question. We suggest that reduced connectivity within

the DMN reduces older adults’ ability to downregulate this

network during externally driven tasks, which may interfere

with task performance, requiring greater need for the cognitive

control of the TPN. We have previously proposed (Grady et al.

2006) that altered function in the DMN is a potential mechanism

for the common finding that older adults are more distracted by

irrelevant information during task performance (e.g., Hasher

et al. 1999). The results of the current study would suggest that

this effect may be a function both of DMN shrinkage as well as

reduced connectivity. However, future studies will need to

address the interactions among the DMN and TPN directly and

how these interactions are modulated by task demands. In

addition, it will be necessary to determine how age differences in

network activity or connectivity emerge over time. That is, older

adults may be influenced more by fatigue than younger adults,

resulting in larger age differences in network expression near

the end of a task run and/or during the later task runs compared

with earlier runs.

Based on the work of others (Andrews-Hanna et al. 2007;

Kelly et al. 2008; Miller et al. 2008), we expected to find that

activity in the DMN and TPN would be related to perfor-

mance, in addition to age, and indeed this was the case. The

pattern of results suggests a relation between increasing

expression of age differences in TPN activity and poorer or

more variable performance. Worse performance, based on all

3 behavior measures, was predicted by increasing activity in

the subset of DMN and TPN regions that were more active in

older adults during the tasks. Put another way, those older

adults whose brain activity most closely resembled that of

younger adults performed better on the tasks. This result is

not consistent with the idea of compensatory brain activity in

the sense that age-specific patterns should be associated with

‘‘better’’ performance (Grady 2008). However, it is in line

with the idea of neural inefficiency in older adults, in which

older adults show more brain activity than younger adults for

a similar level of behavioral accuracy (Morcom et al. 2007;

Rypma et al. 2007; Zarahn et al. 2007). It also is consistent

with the idea of compensation that maintains performance

(Zarahn et al. 2007), that is, those older adults who showed

additional engagement of the TPN might have performed

even more poorly without this additional recruitment. For

example, the TPN may be recruited more by older adults to

counteract the distractibility due to incomplete suppression

of the DMN, as suggested above, but this may not necessarily

result in a performance level equivalent to that seen in

younger adults. Another alternative to consider in regard to

this relation between overrecruitment of the TPN and

performance in the older adults is that the older adults

might have adopted an inappropriate strategy for carrying

out the tasks, and this strategy difference may have

accounted for age differences in activity and the way activity

was related to performance. This is perhaps not very likely, as

overt strategies such as verbal mediation would not have

been particularly useful with the type of visual stimuli used

here (McIntosh et al. 1999) but cannot be ruled out

completely.

Functional connectivity in the TPN also predicted perfor-

mance, but not in the same way as activity per se predicted

performance. Increased expression of the pattern of parietal

connectivity seen only in the young adults was associated with

better accuracy on some of the tasks, whereas increased

expression of the pattern of prefrontal connectivity seen only

in the older adults was associated with better accuracy and

faster responding. This suggests that the age-specific pattern of

TPN connectivity identified with the right frontal seed, which

involved connectivity with left dorsolateral PFC, can support

performance in older adults. This bilateral pattern of prefrontal

connectivity, and its relation to better performance, is

consistent with the idea that prefrontal engagement during

cognitive tasks tends to be more bilateral in older adults and

that the differential engagement or connectivity of dorsolateral

prefrontal regions can be compensatory (e.g., Grady et al. 1994,

2003; Cabeza 2002; Rajah and D’Esposito 2005; Reuter-Lorenz

and Lustig 2005; Grady 2008; Park and Reuter-Lorenz 2009).

This pattern of prefrontal functional connectivity may offset, to

some degree and for some tasks, inefficiency in TPN

engagement or age differences in the DMN.

The one surprising aspect of the behavioral analyses was the

association between increasing connectivity of the DMN and

poorer and more variable performance during the working

memory task, as a previous study has shown that better

connectivity is associated with lower behavioral variability

(Kelly et al. 2008). This earlier study only looked at younger

adults and used resting-state scans to identify the DMN, so

methodological differences between that study and ours can

likely account for some of the difference in results. However, it

is clear that further work will be necessary to determine how

activity and functional connectivity in these networks are

related to cognition under a variety of task conditions in both

younger and older adults.

Some discussion of other factors that can influence BOLD

activity in older adults and that might have influenced our

result is warranted. Measures of gray matter volume or density

are often reduced in older compared with younger adults (e.g.,

Sullivan et al. 1995; Raz et al. 1997; Tisserand et al. 2000), and

there might be concern that a reduced amount of tissue would

artificially reduce functional measures in older adults (Meltzer

et al. 1990). In addition, there are vascular changes with age

that might adversely impact activity measures obtained with

fMRI (Mrak et al. 1997). Although we did not assess these

factors in our study, it is unlikely that they have played a major

role in our results. There are several reasons why we believe

this to be the case. First of all, many of the areas with changes

in activity across the tasks and fixation, including the regions

used as seeds in the connectivity analyses, did not show lower

levels of activity in the older adults, removing the concern that

potentially lower gray matter volume would lower activity in

these regions. Second, the age differences in activity that we

observed did not always take the form of less modulation

during the experimental conditions but consisted of modula-

tion in a different direction or actually greater modulation in

older adults. It is difficult to see how smaller tissue volumes or

vascular differences could lead to such a result. Finally, we

found an age reduction in the pattern of functional connectiv-

ity using the ventromedial prefrontal region as a seed, but not

when TPN seeds were used, although none of the seeds

showed an age reduction in overall activity level. Again, it

would be difficult to explain such a result on the basis of either
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volumetric or vascular factors. It also is encouraging to note

that a very recent study found no relation between gray matter

volume and DMN activity in older adults (Beason-Held et al.

2009). Nonetheless, functional connectivity between brain

areas is influenced by structural connections among these

regions (e.g., Hagmann et al. 2008), so there likely is a relation

between age-related reductions of white matter integrity

(Pfefferbaum and Sullivan 2003; Sullivan and Pfefferbaum

2006; Madden et al. 2009) and functional connectivity in older

adults. This relation is likely to be very complex but will surely

be a fruitful area for future study.

In conclusion, we found that across multiple cognitive

domains, both younger and older adults modulate activity in

the DMN and TPN in expected ways, that is, reduced activity in

the DMN and increased activity in the TPN across all the tasks.

In addition, older adults showed greater task-related increases

in a subset of TPN regions, whereas younger adults showed

greater task-related decreases in a subset of DMN regions. The

effect of these changes is that younger adults have a broader

engagement of the default network and older adults a broader

engagement of the task network. Overrecruitment of the TPN

was associated with poorer performance on the tasks,

suggesting that those older individuals who found the tasks

more difficult engaged cognitive control processes to a greater

degree. On the other hand, plasticity in functional connectivity

of the TPN, specifically involving bilateral dorsolateral PFC, was

associated with better performance on some of the tasks and

may compensate for age reductions in the DMN. It will be

important for future work to determine if the expansion of the

TPN and alterations of its functional connectivity are a response

to the shrinkage and/or reduced connectivity of the DMN.
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