
Measurement of Spontaneous Signal Fluctuations in fMRI: Adult
Age Differences in Intrinsic Functional Connectivity

Nan-kuei Chen1, Ying-hui Chou2, Allen W. Song1, and David J. Madden1,3
1Brain Imaging and Analysis Center, Duke University Medical Center, Durham NC 27710 USA
2Department of Occupational Therapy, Fu Jen Catholic University, Taiwan
3Center for the Study of Aging and Human Development, Duke University Medical Center, Durham
NC 27710 USA

Abstract
Functional connectivity (FC) reflects the coherence of spontaneous, low-frequency fluctuations in
functional magnetic resonance imaging (fMRI) data. We report a behavior-based connectivity
analysis (BBCA) method, in which whole-brain data are used to identify behaviorally-relevant,
intrinsic FC networks. Nineteen younger adults (20-28 years) and 19 healthy, older adults (63-78
years) were assessed with fMRI and diffusion tensor imaging (DTI). Results indicated that FC
involving a distributed network of brain regions, particularly the inferior frontal gyri, exhibited age-
related change in the correlation with perceptual-motor speed (choice reaction time; RT). No relation
between FC and RT was evident for younger adults, whereas older adults exhibited a significant age-
related slowing of perceptual-motor speed, which was mediated by decreasing FC. Older adults' FC
values were in turn associated positively with white matter integrity (from DTI) within the genu of
the corpus callosum. The developed FC analysis illustrates the value of identifying connectivity by
combining structural, functional, and behavioral data.
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Introduction
Neuroimaging research on age-related changes in brain function has focused nearly exclusively
on task-related activation (Dennis & Cabeza 2008, Grady 2008). Several forms of evidence,
however, suggest that decreases in brain activity (i.e., deactivation) are also informative
measures. Research with younger adults has demonstrated that the level of the blood oxygen
level-dependent (BOLD) signal during functional magnetic resonance imaging (fMRI) is
lower, in some brain regions, during a cognitive task than during a resting or baseline condition.
In particular, medial cortical regions including the posterior cingulate and medial prefrontal
cortex exhibit significantly decreased brain activity during task conditions (Shulman et al.
1997, Binder et al. 1999, Mazoyer et al. 2001). Raichle et al. (2001) proposed that these
posterior cingulate and medial prefrontal regions form the nodes of a default mode network
that is continuously and spontaneously active, even in the absence of an external task. It is this
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spontaneous activity within the default mode network that must be suppressed during
externally-directed cognitive tasks and is expressed as task-related deactivation.

Further investigations of this default mode network have demonstrated that the regions
comprising the network exhibit functional connectivity (FC), that is, a temporal coherence of
activity in the low frequency (< 0.1 Hz) component of the BOLD signal. Typically, when fMRI
scanning is conducted concurrently with a cognitive task, the spontaneous, low-frequency
fluctuations in the BOLD signal are considered noise and are removed in post-processing.
These signal components, however, although not attributable to specific task or external
stimuli, contain valuable information regarding brain activity. Greicius et al. (2003) were the
first to report that spontaneous, low-frequency activity is correlated across the medial prefrontal
and posterior cingulate regions, indicative of intrinsic FC in the default mode network (Fox et
al. 2005). Functional connectivity studies based on spontaneous signal fluctuations are
frequently performed during a continuous resting state. But spontaneous BOLD signal
fluctuations can also be measured from off-task periods in block-design fMRI, as well as from
event-related fMRI after suppressing the task evoked signal changes (Fair et al. 2007), enabling
mapping of intrinsic FC from non-resting-state fMRI data. Evidence from combined fMRI and
diffusion tensor imaging (DTI) suggests that resting state FC within the default mode network
reflects the structural connectivity of associated white matter pathways (van den Heuvel et al.
2008, Greicius et al. 2009).

Several other intrinsic connectivity networks have also been identified, based on the spatial
coherence of spontaneous BOLD signals, which involve several cortical regions outside of
those typically associated with the default mode network. These networks appear to represent
activity within neural systems mediating attention (Fox et al. 2006), motor control (Biswal et
al. 1995, Xiong et al. 1999, Fox et al. 2007), language (Hampson et al. 2002), and other
cognitive abilities (Damoiseaux et al. 2006, De Luca et al. 2006). Variation in these FC
networks is associated closely with aspects of behavioral performance. Fox et al. (2007), for
example, reported that 74% of the variability of the BOLD response in the left sensorimotor
cortex, associated with the force of a right button-press, was also shared with intrinsic,
spontaneous activity within the right sensorimotor cortex. Seeley et al. (2007) found that
intrinsic FC in separate cortical networks, mediating executive control and the detection of
salient stimuli, respectively, were dissociable and exhibited different patterns of correlation to
behavioral performance.

Age-Related Changes in Default Mode Network Activity
Changes in the functioning of the default mode network have been reported for healthy older
adults, relative to younger adults, in several studies of the mean level of activation. Overall,
these studies suggest that older adults exhibit increased difficulty in suppressing the
spontaneous signal fluctuations, within the default mode network, thus possibly reducing
attentional allocation to task-relevant processing (Lustig et al. 2003, Persson et al. 2007).
Investigations of the temporal coherence of low-frequency, spontaneous fluctuations in the
BOLD signal (i.e., intrinsic FC) have demonstrated age-related change that is consistent with
the studies of deactivation. Across several investigations, FC in the default mode network has
been found to be lower for healthy older adults than for younger adults (Andrews-Hanna et al.
2007, Wu et al. 2007, Damoiseaux et al. 2008, Sambataro et al. 2008), with further decline
evident in early-stage Alzheimer's disease (Greicius et al. 2004). Thus, older adults exhibit
both less ability to suppress default mode activity and less FC within the network. The
decreased connectivity, in turn, is associated with decreased performance in some cognitive
tasks, including motor control (Wu et al. 2007), executive functioning (Andrews-Hanna et al.
2007, Damoiseaux et al. 2008), memory (Andrews-Hanna et al. 2007, Sambataro et al. 2008),
and perceptual speed (Andrews-Hanna et al. 2007).
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The conventional seed-based and independent components analysis (ICA)-based
characterization of FC, used in previous FC studies, are illustrated in Figure 1. In the seed-
based analysis (Figure 1, panel A), the time course of the BOLD signal change is correlated,
on a voxelwise basis throughout the brain, with the time course of a seed ROI, and a functional
network is identified from this set of correlation coefficients (Biswal et al. 1995). This approach
is appropriate when sufficient a priori information is available to define the seed region.

In the ICA-based analysis (Figure 1, panel B), multiple functional networks (i.e., the ICA
components) can be identified without prior selection of ROIs (Damoiseaux et al. 2006). The
identified networks are usually sorted, in a descending order, based on the degree of signal
coherence within each ICA component. The ICA-based approach enables identification of
networks with a high degree of within-network signal coherence (e.g., the default mode
network in younger adults), and the relation between the networks and behavioral performance
can be assessed.

In previous fMRI studies of intrinsic functional connectivity related to aging, the main focus
has primarily been on detecting differences in the functional connectivity strength between
younger and older adults. As a result, the correlation between the connectivity strength and
behavioral performance has been measured only for those networks with different connectivity
levels between younger and older participants (as illustrated in Figure 1: Panels B and C). In
contrast, here we report a whole-brain behavior-based connectivity analysis (BBCA) method
to identify the functional connectivity networks that are best correlated with the behavioral
measures, independently of the connectivity level difference between age groups.

One may use the following analogy to easily conceptualize the difference between the
conventional approach and the new BBCA method. In the conventional approach, the first step
would be to demonstrate a reliable difference between two data sets. For example, in evaluating
the differences in food consumption between two species of animals (e.g., rats and rabbits),
the average difference in body weight would first be established. If the body weights of two
species differ significantly, then the body weight would be further correlated with the food
consumption between species. In the BBCA approach, in contrast, the goal would be to evaluate
whether the dependence of body weight on food consumption differs between the two species,
regardless of the average weight. Even if the body weights of two species are similar (e.g., rats
and birds), it is possible that the body weight is highly correlated with the food consumption
only in one species, but not on the other. Obviously, these two approaches provide different
types of information regarding the studied biological system. Therefore, the BBCA
methodology will provide information that is complementary to that obtained with
conventional resting-state fMRI analysis methods.

As illustrated in Figure 1 (panel C), in the BBCA method the whole-brain functional
connectivity analyses are first performed, for each participant, on fMRI data with event-related
responses suppressed. Then, within the matrix representing the functional connectivity
between every pair of anatomical regions, each connectivity value (Fisher r to Z transform) is
then correlated with behavioral data, across participants. In this approach, a behaviorally-
relevant FC network is defined by a set of anatomical region pairs (matrix cells) exhibiting a
high correlation with the behavioral measure.

In conventional single-subject fMRI analyses, the fMRI time course profiles are usually
analyzed against the concurrently acquired behavioral-data time course profiles (e.g., in event-
related fMRI) or the task-paradigm time course profiles, or without a prior model (e.g., in ICA).
In contrast to conventional approaches, the developed BBCA method is based on a completely
different strategy, identifying the behaviorally-relevant connectivity networks by correlating
fMRI data and a single behavioral measures from multiple subjects (Figure 1C). Using this
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strategy, the BBCA method is even capable of identifying connectivity networks associated
with non-dynamic clinical measures or neuropsychological data that are obtained outside the
MRI scanner. This type of behavior-based multi-subject imaging data analysis has been
previously used in structural MRI and DTI, in which voxel-wise statistics are carried out to
find areas which correlate to the covariate of interest, such as a disability score (e.g., Smith et
al. 2006). However, to our knowledge, the application of behavior-based multi-subject imaging
data analysis to mapping functional connectivity networks has not yet been pursued.

The goal of the present study was to use the BBCA method to discriminate the pattern of
behaviorally-relevant, intrinsic FC networks of healthy younger and older adults. In view of
the fundamental role of perceptual-motor speed in multiple forms of age-related cognitive
change (Salthouse 1996, Madden 2001, Salthouse & Madden 2007), we used choice reaction
time (RT) as the behavioral measure of primary interest. Although these analyses were largely
exploratory, three hypotheses were particularly relevant. First, because voxelwise methods
such as ICA typically can yield 5-10 spatially independent FC patterns (Damoiseaux et al.
2006, De Luca et al. 2006), we predicted that our method would detect FC outside of the brain
regions (e.g., medial prefrontal and posterior cingulate cortex) that typically define the default
mode network. Second, in view of previous reports that normal aging is associated with a
decline in FC of the default mode network (Andrews-Hanna et al. 2007, Damoiseaux et al.
2008, Sambataro et al. 2008), we hypothesized that behaviorally-relevant FC outside of the
default mode network would differ between younger and older adults. Third, we hypothesized
that individual differences in cerebral white matter integrity, as estimated from DTI, would be
associated with variation in behaviorally-relevant, intrinsic FC. This hypothesis is based on
recent evidence that intrinsic FC is constrained by structural connectivity of white matter
pathways (Andrews-Hanna et al. 2007, van den Heuvel et al. 2008, Greicius et al. 2009).

Materials and Methods
Participants

Participants were 19 younger adults (nine men) between 20 and 28 years of age (mean = 23.89)
and 19 older adults (nine men) between 63 and 78 years of age (mean = 69.59). Results from
analyses of the DTI and behavioral data have been reported previously (Bucur et al. 2008).
Procedures were approved by the Institutional Review Board of the Duke University Medical
Center, and all participants gave written informed. All participants were right-handed,
community-dwelling individuals. On a screening questionnaire (Christensen et al. 1992), all
participants reported being free of significant health problems such as atherosclerotic
cardiovascular disease or hypertension, and that they were not taking medications known to
significantly affect cognitive functioning or cerebral blood flow. Participants scored a
minimum of 27 points on the Mini Mental State Exam (Folstein et al. 1975), a maximum of 9
on the Beck Depression Inventory (Beck 1978), and had a minimum corrected binocular acuity
for near point of 20/40. Each participant's T2-weighted structural brain images were reviewed
by a neuroradiologist and judged to be within normal limits. All participants had completed at
least 12 years of education; the raw scores on the vocabulary subtest of the Wechsler Adult
Intelligence Scale-Revised (Wechsler 1981) did not differ significantly between the age groups
(younger adults' mean = 64.63; older adults' mean = 66.68). Elementary perceptual speed, as
assessed by reaction time (RT) per item on a computerized digit-symbol test, was slower for
older adults (mean = 1770 ms) than for younger adults (mean = 1283 ms), t(36) = 5.34, p < .
01.

Participants completed the psychometric and screening tests in a separate session ∼ 2 weeks
before the scanning session. During the screening session participants also performed brief
versions of the behavioral tasks.
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Behavioral Tasks
During scanning, participants performed three types of behavioral tasks: choice RT, episodic
memory, and semantic memory. The tasks were created using Matlab (Mathworks, Natick,
MA) Psychophysics Toolbox extensions (Brainard 1997). The stimuli for the memory tasks
were 312 concrete nouns 4-9 letters long (mean = 6), with a Kučera-Francis (1967) word
frequency of 10-849 (median = 25). Words were selected to be unambiguously classified as
living (e.g., rabbit) or as nonliving (e.g., mirror), respectively, and each category comprised
156 words. A different set of 72 words, with similar properties, were used in the practice task.
During scanning, participants viewed the displays with liquid-crystal display goggles
(Resonance Technology, Northridge, CA), which were equipped with removable lenses, as
necessary, to match the distance component of the participant's prescription. The stimulus
words always appeared centrally, in white lowercase 56-point Arial font on a black background.
Responses during scanning were collected from a four-button fiber optic response box
(Resonance Technology). Participants rested one finger of each hand on the far left and the far
right response buttons throughout the scanning session.

The behavioral tests were performed during four fMRI runs, illustrated in Figure 2. Prior to
each run, participants performed a study (encoding) phase for the memory tasks, in which they
viewed a series of 39 words (presented one at a time for 3 s each) and made a pleasant/
unpleasant judgment regarding each word as it appeared, using the left and right response
buttons. Diffusion tensor imaging was conducted during the encoding task. Each functional
run (6 min, immediately following the encoding task) included, in this order: a choice RT task,
an off-task interval, and a memory retrieval task. In the choice RT task, participants viewed a
series 30 displays (1.5 s each) and pressed either the left or right response button at the onset
of each display. Each display was followed by a jittered, ITI of either 1000, 1500, or 2000 ms.
In one type of choice RT task, these displays were the words left and right, and in another type
they were single arrows pointing to one of the response buttons. The choice RT task began
with a 3 s instruction screen, and the word/arrow versions of the task were alternated across
the four functional runs. This task was followed by a 30 s off-task period, in which a single
fixation cross was in view. The choice RT task and the off-task period served as a retention
interval for the 39 words studied during the encoding task.

Following the off-task period, a 3 s instruction screen appeared, which indicated whether the
upcoming retrieval task was episodic or semantic. There were 78 test words (1.5 s each, plus
jittered ITI) during the retrieval interval. For episodic retrieval, participants used the two
response buttons to indicate whether each word was a member of the recently studied list (i.e.,
old or new). For semantic retrieval, the two responses represented whether the current word
referred to a living or nonliving object (i.e., natural/artificial), regardless of whether the word
had occurred in the study list. For each type of memory retrieval, the two response categories
were represented equally. Individual words occurred only once per study/retrieval list, and
items were counterbalanced across participants for occurrence in the episodic/semantic
retrieval conditions. Each participant performed the semantic and episodic retrieval tests in
one of two orders (ABBA or BAAB), which was counterbalanced across participants. At the
beginning of the scanner session, participants completed (during structural imaging) practice
versions of the choice RT and memory retrieval tasks.

Imaging Data Acquisition
Scanning was conducted on a 4T GE scanner (GE Healthcare, Waukesha, WI). A vacuum-
pack system molded to each participant's head was used to minimize head motion. Participants
wore earplugs to reduce the scanner noise. Anatomical scanning started with nine T1-weighted
sagittal localizer images, spanning the midline. High-resolution T1 images were acquired with
a 3D fast inverse-recovery-prepared SPGR sequence with 60 contiguous oblique slices, parallel
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to the plane connecting the anterior and posterior commissures (AC-PC), TR/TE = 500/5.4 ms,
number of excitations (NEX) = 1, in-plane resolution = 0.94 mm2, field of view (FOV) = 24
cm, and slice thickness = 1.9 mm.

Functional T2*-weighted images sensitive to BOLD contrast were acquired within the same
slice prescription as the T1-weighted images, with 30 contiguous slices parallel to the AC-PC
plane. The functional scans used an inverse-spiral imaging sequence, TR/TE = 1500/31 ms,
NEX = 1, in-plane resolution = 3.75 mm2, flip angle = 80°, FOV = 24 cm, image matrix = 64
× 64, and slice thickness = 3.8 mm. The imaging protocol also included T2-weighted structural
images, which as noted previously were reviewed as part of the screening process, and DTI.

The DTI sequence included 30 near-axial slices, parallel to AC-PC, with no interslice gap.
Data were acquired with six directions of diffusion sensitizing gradients, plus an image data
set without diffusion weighting. DTI scan parameters included TR/TE = 30000/138.8, b = 1000
sec/mm2, NEX = 1, in-plane resolution = 1.875 mm, flip angle = 90°, FOV = 24 cm, image
matrix = 128 × 128, and slice thickness = 3.8 mm. Mean fractional anisotropy (FA) was
extracted from seven ROIs, defined in native space on the DTI images for each participant
(Bucur et al. 2008). These ROIs targeted the uncinate fasciculus, the genu and splenium of the
corpus callosum, a pericallosal frontal region, the cingulum bundle, and anterior and posterior
portions of the superior longitudinal fasciculus (Figure 3). FA is a scalar value between 0 and
1.0 that represents the directionality of the diffusion of molecular water (Basser & Jones
2002, Beaulieu 2002). Decreases in FA occur as the result many factors including a reduction
in myelination, and FA is used frequently as an index of age-related changes in cerebral white
matter integrity (Sullivan & Pfefferbaum 2006, Madden et al. 2009a).

Connectivity Analyses
The developed BBCA method consists of two major steps. Step 1: The acquired fMRI data
were low-pass filtered to suppress the task-evoked signal changes. The low-frequency
fluctuations of the filtered signals, similar to data acquired in resting-state, reflect mainly the
spontaneous brain activity. Step 2: The filtered fMRI data were then further processed with a
new functional connectivity (FC) analysis to identify major behaviorally-relevant functional
networks. These two steps are described below.

Step 1: Suppression of Task-Related BOLD Signal Changes—First, the acquired
fMRI data were aligned to the first image in the time-series, to correct for subtle movement.
A data set with excessive movement was identified and excluded from further analysis. Second,
the aligned time-series data were low-pass filtered (cutoff: 0.1Hz) to suppress task evoked
BOLD signal changes (> 0.28 Hz). The linear drift of time-series signals was also corrected
on a pixel-by-pixel basis. Third, the filtered images were smoothed (with a 6 mm × 6 mm ×
6mm full-width-at-half-maximum Gaussian kernel) and normalized to the Montreal
Neurological Institute (MNI) coordinates. The output of Step 1 was a set of filtered and
normalized images, similar to data acquired during the resting-state, revealing the spontaneous
BOLD signal fluctuations.

Step 2: Functional Connectivity (FC) Analysis—The filtered data generated from Step
1 were further processed with a new FC analysis method consisting of the following procedures.

A. fMRI data were segmented into 116 ROIs, using the Automated Anatomical Labeling
(AAL) template created by Tzourio-Mazoyer et al. (2002). Because our normalized
images and the AAL template are both in MNI coordinates, the existing anatomical
labels provided by the AAL template were directly applied to our normalized data
after matching the coordinates.
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B. The time-series signals within each ROI were averaged, so that the 4D fMRI data set
(x, y, z, time point) was reduced to a 2D data set (116 × time point number) for each
fMRI run.

C. The correlation coefficients (r values) between time-series data from different
anatomical regions were calculated, and the calculated coefficients (Fisher z-
transformed) were stored in a 2D matrix with 6670 cells (i.e., 116 × 116, with only
116 × 115 / 2 unique elements; Figure 4a). Each element of this 2D matrix represents
FC between two anatomical regions (Liu et al. 2007). This procedure was performed
for all fMRI runs acquired from younger and older adults. This procedure corresponds
to Figure 1-c1.

D. To identify the inter-region connectivity that is relevant to behavioral performance,
the 2D matrix data from all participants within each age group were correlated with
mean RT in the choice RT task (Figure 1-c2). That is, within each age group, a
correlation was calculated (across participants) between the Fisher z value of each
matrix cell and mean choice RT. This correlation was conducted at each of the 6670
cells of the matrix. For each age group, behaviorally-relevant functional networks
were then identified by thresholding these correlations at p <.005 (uncorrected).

E. The identified behaviorally-relevant functional networks (from the preceding step)
were then validated with an independent analysis, which compared the FC values for
younger and older adults and evaluated the relation between FC and choice RT within
each age group.

Because the developed data processing method directly compared data across participants, it
is important to ensure that the data sets were properly normalized to the chosen AAL template.
We have implemented a mask-based, quality-control procedure to detect inaccurate image
normalization, for each of the 116 anatomical regions defined in AAL template. First, for each
participant, an image mask was created for each anatomical region of normalized fMRI data,
by assigning 1 to voxels with significant signal intensities (i.e., 10% of the maximal signal
intensity measured from the whole brain) and 0 to remaining voxels. Second, by comparing
the created mask with the original AAL template on a region-by-region basis, improper image
normalization, in any anatomical region, could be identified for each participant. Specifically,
we calculated the ratio of unmatched voxel number to the total voxel number in each AAL-
defined region (between 0 and 100%), as our region-based inaccuracy index. The region-based
normalization accuracy index was then defined as 1 minus the inaccuracy index.

Results
Identification of Functionally Connected Regions

An example of a 116 × 116 inter-region connectivity matrix is shown in Figure 4a, which is
the average of connectivity matrices obtained from the 19 younger adults. As described in Step
2C in the Methods section, the grayscale value of each element of this 2D matrix represents
the degree of signal coherence (i.e., the connectivity) between two brain regions. For example,
the orange cluster in Figure 4a is a 2 × 2 set of four neighboring matrix cells, representing the
connectivity between left / right medial-prefrontal cortex (shown in red) and left / right posterior
cingulate (shown in yellow), as schematically illustrated in Figure 4b.

Analyses were conducted on the inter-region connectivity matrices in four sets of data,
representing each combination of run type (semantic, episodic) and age group (younger, older).
The semantic run for one younger adult was discarded due to excessive head motion, otherwise
complete data were available for each participant, yielding a total of 75 fMRI runs: 19 episodic
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runs for each age group, 19 semantic runs for older adults and 18 semantic runs for younger
adults.

The task effect on the inter-region connectivity matrices was quantified by correlating each
matrix element from all fMRI runs with a task category array, which was a 1 × 75 array with
episodic versus semantic coded as 0 or 1. At a threshold of p < .01 (uncorrected), there was no
significant difference in the inter-region connectivity matrices between semantic and episodic
fMRI data. This result confirms that the task-associated functional activity was effectively
suppressed, as intended in the data processing (Step 1).

Similarly, the age group effect on the inter-region connectivity matrices was quantified by
correlating each connectivity matrix element from all fMRI runs with an age category array,
which was a 1 × 75 array with age group coded as either 0 or 1. In this analysis, with the
correlations thresholded at p < .001(uncorrected), 66 inter-region connectivity matrix elements
were significantly lower for older adults than for younger adults. For example, the Zr values
for the default mode network connectivity (i.e., between the medial-prefrontal cortex and the
posterior cingulate, see Figure 4b) were 0.75±0.22 and 0.57±0.38, respectively, for younger
and older adults. This observation agrees with previous reports on age-related reduction in the
default mode network connectivity (Andrews-Hanna et al. 2007, Wu et al. 2007, Damoiseaux
et al. 2008, Sambataro et al. 2008).

Identification of Behaviorally-Relevant Networks
To this point in the analyses, the relation between FC and behavioral performance has not been
considered. In the next series of analyses, we examined the degree to which networks of
connectivity were related to behavioral performance (specifically, choice RT) and whether this
relation varied as a function of age group.

Because in the previous analyses, FC did not vary significantly as a function of task, the
connectivity matrices derived from semantic and episodic fMRI runs were averaged for each
participant, and these averaged matrices were used in subsequent analyses. We then obtained
the correlation coefficients between each connectivity matrix element and choice RT for each
participant. The mean choice RT values (averaged across all runs) were significantly higher
for older adults (M = 503, SD = 83), than for younger adults (M = 437, SD = 68), t(36) = 2.68,
p < .01, reflecting an age-related slowing in this task. At a threshold of p < .005 (uncorrected),
none of the younger adults' connectivity matrix elements was significantly correlated with the
choice RT. For older adults, however, 33 elements in the connectivity matrix were significantly
correlated with the choice RT at this threshold (corresponding to r = 0.615). All of these
correlations were negative, reflecting increased RT (slower responses) as a function of
decreasing connectivity. The FC values for these 33 pairs of regions are presented in Table 1.
Among those 33 pairs, 19 of them involve connections only within the cerebral areas, and 14
of them also involve connections to the cerebellum. We focused on only the connectivity within
the cerebral areas, because the cerebellum was more susceptible to errors related to image
normalization. Based on our mask-based quality-control procedure, the image normalization
was highly accurate for cerebral regions (99.74%), and was less accurate for the cerebellum
(91.82%).

Figure 5 shows those 19 behaviorally-relevant FC networks (red lines) for the older adults, as
well as the anatomical regions connected by those networks (with AAL template labels). The
majority of the behaviorally-relevant functional networks (i.e., 13 out of 19) were connected
within or to the inferior frontal area (indicated by purple boxes with blue background in Figure
5).
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Relation of Functional Connectivity to Age-Related Slowing
We next focused on the 13 pairs of regions involving the inferior frontal cortex, and examined
the strength of the relation between FC and choice RT in these regions. We averaged the mean
FC values across these 13 regions to obtain a single FC measure. This average FC did not differ
significantly between younger adults (M = 0.843, SD = 0.227) and older adults (M = 0.898,
SD = 0.259). A linear regression analysis of the FC values, using age group, choice RT, and
their interaction as predictors, indicated that the predictors could account for 40% of the
variance in FC, F(3, 34) = 7.49, p < .001. In this regression model, the Age Group × RT
interaction term was significant, t(34) = -3.05, p < .01, indicating that the relation between RT
and FC varied significantly across the age groups. As illustrated in Figure 6, this interaction
occurred because the older adults exhibited a significant correlation between RT and FC, r =
- 0.830, p < .0001, whereas the younger adults exhibited no significant relation between these
variables. That is, older adults exhibiting higher FC values responded more rapidly (lower RT)
in the choice RT task.

Bivariate correlations (Table 2) indicated that, within the older adult group, there was a
significant increase in RT as a function of increasing years of age (p < .05). That is, the age-
related slowing of behavioral performance was detectable within in the older group, as well as
between the two age groups. Increasing years of age, within the older adult group, was also
associated with decreasing FC, and this correlation was near our significance threshold at p < .
06. Neither of these effects approached significance within the younger adult group (p > .25
in each case).

We examined the degree to which the relation between years of age and RT, for older adults,
was influenced by FC. Specifically, is the older adults' age-related slowing of behavioral
performance mediated by FC? To investigate mediation we estimated the degree to which the
older adults' age-related variance in RT was attenuated by statistically controlling the effect of
FC (Salthouse 1992). These analyses are summarized in Table 3. When years of age was the
sole predictor of the older adults' RT, this predictor accounted for 29% of the variance in older
adults' RT. When, however, FC was entered into the regression model before age, then age
only accounted for an additional 3.7% of the variance in RT. In other words, controlling for
individual differences in FC attenuated the age-related variance in the older adults' RT by 87%.
This result indicates that FC is a mediator of the age-related slowing in the older adults'
behavioral performance.

Previous investigations of intrinsic FC that have incorporated DTI suggest that FC networks
are related to the integrity of associated white matter pathways (van den Heuvel et al. 2008,
Greicius et al. 2009). Given the role of FC as a mediator of older adults' behavioral performance,
in the present data, we investigated whether cerebral white matter integrity, obtained from DTI,
was a potential mechanism of individual differences in the older adults' FC values. Mean FA
data from seven ROIs are presented in Table 4. These ROIs were selected to represent some
of the major pathways connecting cortical regions that are critical for cognitive function (Bucur
et al. 2008). In a regression model with FA from all seven regions included as seven predictors
of FC, for older adults, only genu FA was a significant predictor, t(11) = 2.34, p < .05. The
correlation between genu FA and FC was positive, r = 0.535, indicating that older adults with
higher genu FA values exhibited higher mean FC, across the 13 regions associated with the
inferior frontal gyri (Figure 7).

Discussion
In previous FC studies the main focus has primarily been on detecting differences of the
functional connectivity strength between younger and older adults. In contrast, here we report
a whole-brain analysis method to identify the FC networks that are best correlated with the
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behavioral measures, independently of the connectivity level difference between age groups.
Our method is similar to the previous approaches in that we suppress the task-evoked signal
(using a low-pass, < 0.1 Hz filter) to extract the spontaneous, low-frequency fluctuations in
the BOLD signal and then compute the correlation between the averaged time course data
across brain regions. The new feature of our method is that no assumptions are required
regarding the anatomical location of behaviorally-relevant regions. All pairwise correlations
among 116 regions in a standardized template (Tzourio-Mazoyer et al. 2002) are examined in
parallel. In addition, in contrast to seed-based or ICA-based approaches, the behavioral data
are incorporated in an earlier stage of processing and contribute directly to defining the FC
networks (Figure 1).

In applying the BBCA method to fMRI data of healthy, younger and older adults, we obtained
three main findings that support our initial hypotheses. First, significant age-related change
was evident in the behaviorally-relevant FC networks. Second, our method identified
behaviorally-relevant, intrinsic FC outside of the default mode network. Third, intrinsic FC
was related to structural connectivity as reflected in cerebral white matter integrity. In the
following discussion, we briefly note some of the implications of these three findings.

Adult Age Differences in Functional Connectivity
Arguably the most important of the present findings is the difference between younger and
older adults in the relation between the magnitude of FC and elementary perceptual-motor
speed (Figure 6). In this analysis, we selected the 13 FC networks that involved the inferior
frontal gyri and found that, within the combined data for all participants, the relation between
the averaged FC in these regions and choice RT differed significantly across the age groups.
Older adults exhibited a highly linear relation (r = -0.830) between increasing connectivity and
decreasing RT (i.e., faster responses), whereas no relation between these variables was evident
for younger adults. Further analyses, conducted within the older adult group, demonstrated that
choice RT increased significantly as a function of increasing years of age, and that mean FC
was a mediator of the older adults' age-related slowing. When the relation between older adults'
years of age and RT was controlled statistically for individual differences in FC, the age-related
variance in RT was attenuated by 87% (Table 3). Although there are no established guidelines
for interpreting the magnitude of statistical attenuation, Salthouse (1992) proposed that
attenuation effects of 60% or more represent major influences. Elementary perceptual-motor
speed is well established as a fundamental component of cognitive aging, which shares age-
related variance with a wide variety of cognitive measures (Salthouse 1996,Madden
2001,Salthouse & Madden 2007). The present results suggest that the coherence of
spontaneous, low-frequency fluctuations in brain activity, involving the inferior frontal cortex,
may be a mechanism of age-related cognitive slowing.

The correlation between FC and RT, for older adults (Figure 6), is broadly consistent with
previous investigations reporting that older adults' decreased FC is associated with decreasing
performance on various cognitive measures (Andrews-Hanna et al. 2007,Wu et al.
2007,Damoiseaux et al. 2008,Sambataro et al. 2008). The present findings, however, differ
critically from the previous results. The previous studies did not specifically examine the degree
to which age-related variance in cognitive performance was shared with FC. The present
analyses demonstrated that the age-dependent increase in choice RT, for older adults, was
nearly entirely (87%) shared with individual differences in FC. In addition, as discussed in the
following section, the earlier investigations (with the exception of Wu et al. (2007) focused
almost exclusively on brain regions typically defined as comprising the default mode network,
whereas our FC regions are distributed widely outside of that network.
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Distributed Behaviorally-Relevant Networks
The FC networks exhibiting a significant relation to choice RT were distributed widely, beyond
the typical components of the default mode network (e.g., medial prefrontal and posterior
cingulate cortex). Our method identified 19 pairs of connected regions in the superior, medial
and inferior frontal gyri, anterior cingulate, insula, occipital cortex, thalamus, and several
regions in the temporal lobe (Table 1). The majority of the networks (13), however, involved
either the left or right inferior frontal gyrus, suggesting that these latter regions are of particular
importance, in relation to perceptual-motor speed (Figure 5). Various types of cognitive
processes have been associated with inferior frontal cortex, and on the basis of the present data
it is not possible to determine the exact nature of the cognitive demands that are relevant for
intrinsic FC in this region. Studies of task-related activation frequently conclude that inferior
frontal activation in the left hemisphere represents the retrieval of semantic information (Demb
et al. 1995,Fiez 1997), whereas right inferior frontal activation represents the inhibitory control
of motor responses (Garavan et al. 1999,Konishi et al. 1999). Thompson-Shill et al. (1997),
however, proposed that left inferior frontal activation represents the selection among
competing alternatives rather than semantic retrieval per se. This more elementary process of
response selection accords with related findings, from both lesion and task-related activation
studies, suggesting that the left inferior frontal gyrus is significantly involved with attention
and inhibitory control (Brass & von Cramon 2004,Swick et al. 2008). The present results
indicate that a relation between inferior frontal activity and the selection of a motor response
(choice RT) is not limited to event-related activation, but it also evident in the spontaneous,
low-frequency fluctuations in the BOLD signal.

The behaviorally-relevant FC networks illustrated in Figure 5 were significant only for older
adults. We chose a relatively conservative threshold of p < .005 (corresponding to r = 0.615),
to restrict the number of networks identified for the older adults, while maintaining the same
threshold for both age groups. To identify FC networks for younger adults, using this method,
it may be necessary to a more liberal statistical threshold for the FC-behavior correlation. The
sensitivity of this method is also likely influenced by the variability of the behavioral measure
and the size of the ROIs used for correlation. That is, by using a behavioral measure yielding
a wider range of performance values, or using ROIs that are smaller in size (i.e., more regionally
specific), we may be more successful in identifying behaviorally-relevant FC for younger
adults.

White Matter Integrity and Functional Connectivity
Analysis of cerebral white matter integrity, indexed by FA from DTI, revealed a significant
relation between white matter integrity and older adults' mean FC. With other regional
measures of FA covaried, only FA in the genu exhibited a positive correlation with FC: Those
older adults with higher white matter integrity were those with higher values of mean FC across
the regions connecting to the inferior frontal gyri. In our previous analyses of the behavioral
and DTI data from this study, we found that cerebral white matter integrity, particularly within
the genu and pericallosal frontal regions, was a mediator of the relation between perceptual-
motor speed (choice RT) and episodic memory retrieval (Bucur et al. 2008). The present
analysis extends these previous findings by demonstrating that, within the older adults' data,
white matter integrity is associated with FC, which in turn mediates age-related slowing.

The correlation between the older adults' genu FA and mean FC is consistent with other
investigations, using DTI, which have demonstrated a relation between white matter integrity
and intrinsic FC. In studies of younger adults, van den Heuvel et al. (2008) demonstrated a
positive correlation between FA in the cingulum bundle and FC, and Greicius et al. (2009)
reported that the regional distribution of the FC map was consistent with DTI tractography.
Andrews-Hanna et al. (2007) found that older adults' mean FA from a large ROI (centrum
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semiovale) correlated positively with FC. These previous studies focused primarily on regions
in the default mode network. Our finding that only FA in the genu was correlated significantly
with the older adults' FC values (Figure 7) is intriguing in that the genu provides the
interhemispheric connections for the frontal lobe, and our behaviorally-relevant measure of
FC is comprised primarily of connections through the inferior frontal gyri (Figure 5). More
generally, the relation between white matter integrity and FC supports a disconnection model
of neurocognitive aging, in which age-related changes in cognitive performance represent the
interaction of structural and functional connectivity across distributed neural systems
(Bartzokis et al. 2004, Andrews-Hanna et al. 2007, Sullivan et al. 2008, Davis et al.2009,
Madden et al. 2009b).

Limitations
There are several limitations to the present research, related to both the measurement of FC
and the analysis of adult age differences. As noted previously in this Discussion, although our
method does not require a priori assumptions regarding the location of the relevant brain
regions, the anatomical template (Tzourio-Mazoyer et al. 2002) may not be as sensitive as a
voxelwise approach for detecting FC, particularly when the voxel-wise connectivity levels
within an anatomical region are not homogeneous. In addition, the present sample size, 19
participants in each of two age groups, limits the statistical power to detect both regional FC
and age-related change. Our measure of behaviorally-relevant FC averages across 13 pairs of
regions involving the inferior frontal gyri, and we have not yet identified the relative
contributions of individual networks to this composite measure. Our conclusions regarding
white matter integrity are based on relatively low-resolution, non-isotropic DTI data. Ideally,
further research can include a larger sample size and multiple measures of cognition, FC, and
white matter integrity, in a longitudinal design, to estimate the relative influence of structural
and functional connectivity in age-related cognitive change (Raz et al. 2005, Raz et al. 2007).

In our study, the stimuli were presented at three frequency values: 0.285, 0.333, and 0.4 Hz.
Therefore, the low-pass filtering (<0.1 Hz) can eliminate the task evoked responses. Our data
showed that the intrinsic connectivity networks derived from two different task conditions
(episodic-memory and semantic-memory) are statistically the same, indicating that the task
evoked responses have been effectively suppressed in the post-processing. In general, the task
and stimuli (of high temporal-frequency) may possibly alter the underlying intrinsic neuronal
connectivity (of low temporal-frequency: <0.1 Hz), and thus the intrinsic connectivity
networks derived from task-fMRI data (as in our study) and task-free resting-state fMRI data
may not be identical. The potential difference between intrinsic connectivity networks in non-
resting-state and task-free resting-state is not a concern in our study (for comparing neuronal
networks between age groups), because we use identical acquisition and data processing
methods for younger and older participants.

Conclusion
We have demonstrated a data processing approach for identifying age group differences in
behaviorally-relevant, intrinsic FC, independently of age group differences in functional
connectivity strength. Further, this whole-brain, voxelwise approach does not depend on
defining ROIs in advance. Our results indicate that healthy, younger and older adults differ
significantly in behaviorally-relevant FC. Older adults exhibited a significant relation between
perceptual-motor speed (choice RT) and FC across a distributed network of brain regions
involving the inferior frontal gyri, whereas no relation between behavior and FC was evident
for younger adults. In addition, within the older adult group, the age-related variance in
perceptual-motor speed was shared nearly entirely with FC, suggesting that intrinsic FC is a
potential mechanism of age-related cognitive slowing. White matter integrity within the genu
of the corpus callosum was correlated with older adults' FC. Combining the perspectives from
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analyses of behaviorally-relevant FC, white matter integrity, and behavioral measures can
contribute to a more complete account of age-related changes in cognitive performance.
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Fig 1.
Comparison of different approaches for calculating the relation between intrinsic functional
connectivity (FC) and behavioral performance: seed-based region of interest (ROI; Panel A),
independent components analysis (ICA; Panel B), and the BBCA method (Panel C). In
comparison to conventional approaches (A and B), the BBCA method (C) integrates behavioral
data at an early stage of processing, and evaluates the behavioral relevance of all intrinsic
connectivity networks without a priori assumptions regarding the relevant regions. An FC
matrix of all possible pairwise comparisons is first calculated for each subject (Panel C.1). By
correlating the FC measures with the behavioral data across subjects (Panel C.2), the
behaviorally-relevant FC can be identified with a pre-defined threshold (Panel C.3)
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Fig 2.
Events occurring within each imaging run. Participants first performed a word encoding task
(pleasant/unpleasant judgment of individual words) during diffusion tensor imaging (DTI).
During a following functional magnetic resonance imaging (fMRI) run, participants performed
a choice reaction time (RT) task (left/right key press), followed by an off-task period, and a
memory retrieval task. The nature of the retrieval task, episodic versus semantic, alternated
across runs. The episodic task required a yes/no judgment as to whether the current word was
presented during encoding. The semantic task required a living/nonliving judgment regarding
the referent of the word, without reference to the word's presence in the encoding list
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Fig 3.
Examples of the regions of interest ROIs used in the analysis of the diffusion tensor imaging
(DTI) data, modified from Bucur et al. (2008). Panel A = raw DTI image. Panel B = regions
located on DTI images with maximum value for image intensity lowered. UNC = uncinate
fasciculus; PCF = pericallosal frontal; GNU = genu of corpus callosum; SPN = splenium of
corpus callosum; CIN = cingulum bundle; ASL = anterior portion of the superior longitudinal
fasciculus; PSL = posterior portion of the superior longitudinal fasciculus. The z values are
mm superior/inferior to the anterior commissure
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Fig 4.
Regional connectivity matrix for the 116 anatomical regions in the Tzourio-Mazoyer (2002)
template. Within each cell of the matrix, the grayscale value represents the signal coherence
level (Zr) between two regions (Panel A). For example, A 2 × 2 orange cluster (consisting of
four neighboring matrix cells) represents the signal coherence levels between left/right medial
prefrontal cortex (orbital; illustrated by red arrow) and left/right posterior cingulate (illustrated
by yellow arrow). Panel B illustrates the location of medial prefrontal cortex (orbital) and
posterior cingulate in a sagittal view

Chen et al. Page 19

Brain Struct Funct. Author manuscript; available in PMC 2010 January 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig 5.
In the regional connectivity matrix for older adults, 19 pairs of regions (indicated by red lines)
were correlated significantly (p < 0.005) with perceptual-motor speed (choice reaction time;
RT). The inferior frontal gyri were involved in 13 of these networks, indicating a role of the
inferior frontal cortex in behaviorally-relevant functional connectivity (FC) for older adults.
No regional connections were significant for younger adults at this threshold. For description
of abbreviations, see Table 1 note
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Fig 6.
Relation between choice reaction time (RT) and functional connectivity (in networks connected
with inferior frontal gyri), for younger adults (Panel A) and older adults (Panel B)
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Fig 7.
Relation between white matter integrity (fractional anisotropy) in the genu of the corpus
callosum and functional connectivity (in networks connected with inferior frontal gyri), for
older adults
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Table 2
Correlation Between Variables by Age Group

Younger Older

RT Age RT Age

Functional Connectivity 0.031 -0.042 -0.830** -0.439

RT -- -0.261 -- 0.537*

Note. Values are Pearson r. Age = years; Functional Connectivity = mean connectivity for the 13 pairs of functionally correlated regions involving
either the left or right inferior frontal gyrus (Figure 5); RT = mean choice reaction time.

*
p < .05;

**
p < .0001
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Table 4
Fractional Anisotropy by Age Group

M SD

Younger Older Younger Older

Genu 0.655a 0.614b 0.017 0.060

Splenium 0.688a 0.672b 0.021 0.024

Pericallosal frontal 0.457a 0.381b 0.053 0.060

SLF anterior 0.457a 0.415b 0.043 0.046

SLF posterior 0.476a 0.458a 0.041 0.059

Uncinate fasciculus 0.536a 0.525a 0.068 0.060

Cingulum 0.505a 0.445b 0.055 0.053

Note. Values in the same row that do not share the same subscript differ at p < .05 (Bucur et al. 2008). SLF = superior longitudinal fasciculus.
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